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ABSTRACT

Modulation and Raman Spectroscopy Study 

of Microstructural Geometries

by

Hongen Shen

Advisor: Professor Fred H. Poliak 

%

Microstructural geometries i. e . , they are structures on the order 

of several lattice constants (10A) to several hundred lattice constants 

(1000A), such as Ga  ̂ ^A^As/GsAs superlattices, GaAs doping super­

lattices, GaAs and InP space charge region and process induced surface 

strain layers, were Investigated using photoreflectance (PR), electrore­

flectance (ER) and Raman scattering.

We have demonstrated for the first time that photoreflectance spec­

tra from superlattices can be fit by a third derivative function electro- 

modulation line shape, thus making it possible to precisely determine 

energies of the quantum transitions. By employing a detailed lineshape 

fit, we can detect a barrier height change of several millielectron volts 

and variations in well width as small as 2A with a spatial resolution
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about lOOvm. For the first time at room temperature, several forbidden 

transitions from GaAlAs/GaAs superlattices have been clearly observed, 

which is a strong support to the valence band mixing theory in super- 

lattices.

The Franz-Keldysh theory for modulation spectroscopy has been 

generalized to involving both dc and ac fields. We have demonstrated, 

both theoretically and experimentally that provided that ac field is 

smaller than dc field, Franz-Keldysh oscillations in modulation spectros­

copy are related to the dc electric field and not to the ac modulation 

field. The effect of ac field is to produces a non-uniform modulation 

which smears ut high order oscillations.

Photoreflectance study on doping superlattices (nipl) have been 

performed. For samples with small periodicity, the room temperature 

spectra showed quantum size effect. For samples with large periodici­

ty, spectra exhibited Franz-Keldysh oscillations. The pump chopping 

frequency dependence of the PR signal was employed to measure the 

recombination lifetime of the carriers.

The effect of polish-induced stress on the LO Raman spectra from 

GaAs and InP have been investigated in detail. The lineshape changes 

have been quantitatively accounted for by a model based on the convo­

lution of the skin depth of light and the penetration depth of the
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polish-induced surface strain. The strain penetration depth as well as

the surface strain were determined for various polishing conditions.

We demonstrated that Raman scattering can be used to determine the

width of the depletion layer as well as carrier concentration for <100>
19 -3n-type GaAs (up to n*10 cm ). The results are correlated with a 

generalized theory of the depletion width for both degenerate and non­

degenerate situation at finite temperatures. We have also obtained the 

coefficient of electric field induced Raman tensor (both amplitude and 

phase) as well as impurity induced Raman tensor for <100> GaAs at 

2.7eV (4S79A).
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INTRODUCTION

In h is closing ad d ress  at the 15th In te rna tiona1 Conference on the 

Physics of Semiconductors in 1980 in Kyoto, P rofessor Y. Uemura 

rem arked lha t " the b ir th  and rap id  grow th of new fields du ring  th is 

decade have been so rem arkable th a t tre n d s  in resea rch  seem to ind i­

cate a sign of transform ations. T herefose  I would like to propose the 

heading 'sign  of transform ations'" [1]. Some of the "sign of transform a­

tion" th a t were mentioned by P rofessor Uemura included bulk to surface 

and in te rface , periodic to random o r d iso rd e red , n a tu ra l to designed . 

One of the  common factors of these  im portant new areas of investigation 

a re  th a t they  consist of m icrostruc tu ra l geom etries, i. e . ,  th ey  a re  

s tru c tu re s  on the  o rd e r of several la ttice  constan ts  (10A) to several 

h u n d red  la ttice  constan ts (1000A). O ptical techniques are  powerful 

m ethods for study ing  such m icrostruc tu ra l geom etries. Two of the  most 

usefu l a re  modulation spectroscopy [2] (3] (4] (5] [6] [7 ], which

probes the  electronic s ta tes  of the  system , and Raman Spectroscopy 

(RS) [8] [9] [10] [11], which is a function of the  lattice v ibrations of 

the  m aterial.

In th is  th esis  we have investigated  the  electronic and  vibrational 

p ro p e rtie s  of various m icrostructu ra l geom etries using  modulation spec­
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troscopy  and Raman sca tte rin g . The selected m icrostruc tu ra l geometries 

were compositional and doping quantum  wells and sup erla ttices , the 

space charge  region of I I I - '7 sem iconductors and  p rocess-induced  s u r ­

face damage in III-V  sem iconductors.

A lthough modulation spectroscopy , p a rticu la rly  electroreflectance 

has been used  extensively  to s tudy  sem iconductors in bulk and th in  

film form only recen tly  is th is  approach being applied  to s tu d y  m icros­

tru c tu ra l  geom etries, i. e . su p e ria ttice s , quantum  wells and  hetero juc- 

tions. In the  p ast electrom odulation has proven to be the most useful 

method since it yields the  sh arp es t s tru c tu re , re la ted  to the th ird  

derivative  function (TDF) of the optical co n stan ts , also its  line shape is 

well defined  (the  A spnes TDF lineshape) th u s  enabling investiga to rs  to 

accura te ly  determ ine the  en erg ies , b roadening  param eters, phases and 

am plitudes of optical tran sitio n s  even a t room tem peratu re . The sensi­

tiv ity  of e lectroreflectance to  electric  fields can be utilized to evaluate 

the  su rface  and in terfacial fields in system s which usually  a re  v e ry  

im portant fo r fundam ental and applied s tu d ies . In addition, electrom o­

dulation signal is inversely  proportional to  the  reduced  in te rband  effec­

tive  m ass, th u s  making it extrem ely su itab le fo r investigation  of the  

optical p ro p e rtie s  re la ted  to the fundam ental gap . Photoreflectance is  a 

special mode of e lectro reflectance, w here the  optical constan ts of the
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m aterial are  modulated by the  photo-Injection of e lectron-hole  pairs  by a 

secondary (pump) ligh t source. I t is contactless and has certa in  advan ­

tage compared w ith o th e r modulation techn iques. For example, effects 

of p e rtu rb a tio n s  such as tem peratu re  o r s tra in  o r h y d rosta tic  p re ssu re s  

can be conveniently  s tud ied .

Raman sca tte rin g  is a versa tile  and effective tool fo r investigating  

the lattice v ibrations of a sem iconductor and in teractions of the p'nonons 

with o th er excitations such as plasm ons, e tc . Since lattice v ibrations 

a re  v e ry  sensitive  to local environm ents, RS can yield information about 

the sem iconductor o r s tru c tu re  on the  scale of a few lattice constan ts . 

T h u s It is ideal fo r investigating  the  n a tu re  of m icrostruc tu ra l geome­

tr ie s .  Also since RS Is a seco n d -o rd er p rocess it contains im portant 

symmetry information which is not available from f ir s t  o rd e r optical 

in te rac tions. In RS, both polarization selection ru les  as well as peak

positions a re  sensitive to p e rtu rb a tio n s , both in te rn a l and ex tern al,

such  as s tra in , e lectric  fie lds, tem pera tu re , e tc . F urtherm ore, by using

various excitation lines of d iffe ren t w avelengths it is possible to p e r ­

form d ep th .p ro filin g  m easurem ents.

T he Ga^ ^Al^As/GaAs quantum  wells and sup erla ttices  are  probably 

among the most im portant of the  various sem iconductor system s fa b ri­

cated  in  the  p ast decade. The f ir s t  electro reflectance m easurem ents of
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G a^^A l^A s/G aA s multiple quantum  wells (MQW) and superia ttices (SL) 

was rep o rted  by E. E. Mendez e t al [12]and M. Erman [13]. Photore­

flectance m easurem ents (PR) of Ga Al As/GaAs quantum  wells were
1"X  X

re c en d y  rep o rted  by Glembocki e t al [14] [15]. The sp ec tra  of well 

charac te rized  multiple quantum  well (MQW) sample exhib it the complete 

lad d er of in te rband  tran sitio n s  between the  heavy hole and conduction 

subband  s ta tes . Weaker s tru c tu re  was detec ted  a t the photon energ ies 

co rresponding  to excitations fo r lig h t hole to conduction subband 

s ta te s . As Ga^ ^Al^As/GaAs quantum  wells and superia ttices a re  of 

g rea t in te re s t from both fundam ental as well as technological considera­

tio n s , it is essen tially  im portant to experim entally  determ ine (a) compo­

sition x of G a ^ ^ A ^ A s  ep ilayer , (b) w idth of the quantum  well and (c) 

conduction band o ffse t. The search  for allowed and forbidden quantum  

tran s itio n s  helps to examine o u r theore tical knowledge of the band mix­

tu re  effect in quantum  wells [16].

Doping superia ttices  (n - i-p - i)  a re  ano ther in te re stin g  class of 

su p eria ttices . As the requ irem ents fo r growing high quality  n - i-p - i  

a re  le ss  demanding and they  have wide applications, it has been 

a ttra c tin g  considerable a tten tion  recen tly . V ery little  modulation s tu d ­

ies have been stud ied  on th is  system . To o u r knowledge th e re  is only 

one photoreflectance m easurem ent on InP nipi has been rep o rted  v e ry
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recen tly  [17]. The mechanism of PR in nipi a re  quite  d ifferen t from 

compositional superia ttices. A detail s tu d y  for d ifferen t potential p ro ­

files a re  Im portant to explore th is  new area .

The Space Charge Region (SCR) of a sem iconductor piays an impor­

ta n t ru le  in semiconductor devices. The d irec t sensitiv ity  of the fea­

tu re s  in the modulation spectroscopy , particu la rly  ER and PR, to the 

n a tu re  of surface field has been noted by a num ber of investigato rs [6] 

[7] [18] [19] [20]. Most of the w orks were done in the low field

region , w here the  built in dc field was small and  so was the ac modula­

tion field [6]. If the low field condition is not met, Franz-K eldysh 

oscillations (FKO) begin to ap pear, which can also yield information 

about th e  SCR. In previous stud ies [6 ], the  b u ilt- in  dc field was small 

and  so was the  ac field. The FKO were re la ted  to the  modulation elec­

tric  field . T hese p rio r investigation did not consider the effect of a dc 

e lec tric  field in SCR. In o rd e r to u n d e rs tan d  the perform ance of SCR 

dev ices, it is im portant to know how dc and ac fields play d ifferen t 

ru le in modulation spectroscopy.

Heavily doped III-V sem iconductors a re  of in te re s t from both a fu n ­

dam ental and technological point of view. For examples, the effect of 

e lectron-phonon coupling as well as h igh su rface  e lectric  field can be 

s tud ied  in such  system . Only recen tly  w ith the  improvement of MBE
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Raman spectra llneshapes are accounted for by a model based on the 

convolution of the penetration depth of the light and the skin depth of 

the polish induced surface strain. Also discussed in this section is the 

result from heavily doped n-GaAs. Both carrier concentration and 

depletion width are examined and compared to a generalized theory for 

both degenerate and non-degenerate materials at finite temperatures. 

The coefficients of electric field Induced Raman tensor (both amplitude 

and phase) and impurity induced raman tensor are also evaluated for 

<100> GaAs at 2.7eV (4579A).

In the last chapter we summarize the results and conclusions of our 

investigations.
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in Section 1 and the experim ental p rocedures in Section 2. In the 

experim ental section we highlight a newly developed servo  mechanism 

fo r normalizing the spectrum , which has a considerable advan tages over 

the  previous one. Section 3 contains the re su lts  obtained by modulation 

spectroscopy  for G a^^A l^A s/G sA s quantum  wells, superia ttices and 

GaAs doping superia ttices (n ip i) . The main focus is on the accurate  

determ ination of the various transition  energ ies  using th ird  derivative 

lineshape. Topographic variation and d ep th  profiling of superia ttices 

a re  carried  o u t. Violation of the selection ru le s  and observation of fo r­

bidden tran sitio n s  a re  rep o rted  as a su p p o rt to  the band mixing theo ry . 

Also p resen ted  in th is  section a re  the  generalized FKO theory  and the 

experim ent evidence on InP/ITO  SCR.

Raman spectroscopy is d iscussed  in C hap ter III. The basic p rin c i­

p les of Raman sca tte rin g  are  covered in Section 1 and experim ental 

techn iques in Section 2. In Section 3 we describe  the re su lts  of the  

investigation  reg ard in g  polish-induced su rface  s tra in . The resu ltin g  LO 

Raman sp ec tra  llneshapes are accounted fo r by a model based  on the 

convolution of the penetration  dep th  of the  ligh t and the skin dep th  of 

the  polish induced surface s tra in . Also d iscussed  in th is  section is the 

re su lt  from heavily doped n-GaAs. Both c a r r ie r  concentration and 

depletion w idth a re  examined and compared to a generalized theory  for
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both  degenera te  and non-degenera te  m aterials a t finite tem peratu res. 

The coefficients of electric field induced Raman ten so r (both  amplitude 

and phase) and im purity induced raman ten so r a re  also '•valuated for 

<100> GaAs a t 2.7eV (4579A).

In the  la st ch ap te r we summarize the  re su lts  and conclusions of our 

in v estig a tio n s .
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Chapter I

DISCUSSION OF MICROSTRUCTURAL GEOMETRIES

N licrostructural geometries a re  s tru c tu re s  on the o rd e r of several 

la ttice  constan t (10A) to severa l hun d red  la ttice  constan ts (about 

1000A) including sem iconductor su p erla ttices  (SL), quantum  wells (QW), 

h e te ro s tru c tu re  in te rface, space charge  region (SCR ), m icrocrystalline 

e ffec ts , e tc .

Superla ttices and quantum  wells [22] [23] [24] [25] are  composed of 

a periodic sequence of u ltra th in  (about 100A) crystalline  layers  of 

a lte rn a tin g  composition (e . g. AlAs/GaAs InA s/G aSb, G e/Si, e tc .)  o r 

a lte rn a tin g  doping (e. g. n-G aA s/p-G aA S, n -S i/p -S i, e tc . so called nipi 

s tru c tu re )  (F igure 1). Space charge  region [6] [7] [26] [27] near

the  surface  o r in terface of sem iconductors is usually  due to the  Fermi 

level p inn ing . It can also occur with no pinning if th e re  is an applied 

field . The band bending n ear the surface or in terface re su lts  in a 

depletion layer as th in  as 50A-1000A. In th is  th esis  we only d iscuss 

QW. SL and SCR.
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Figure 1: Schematic illustra tion  of compositional superla ttice  j
and  doping superla ttices (nipi) |

1.1 Compositional Superlattices and Quantum Wells 

In  a compositional SL the  sem iconductors a re  chosen so tha t th e ir  e n e r­

gy band gaps a re  d iffe ren t. The most s tra ig h t forward way to d e te r ­

mine the  e lectronic p roperties in SL is to tre a t the SL as simply a 

series  of sem iconductor layers, with each layer contributing  its charac- 

te riza tic  p ro p e rtie s . More sophisticated calculations show th a t th is
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approach gives sa tisfac to ry  re su lts , even in the  case of extrem ely thin 

lay ers. T hu s, the periodic variation of the  layers gives rise  to a p e ri­

odic a lteration  in the e lectrical potentia l. Inside each potential *-?ll 

only certa in  energ y  s ta te s  a re  available to conduc.ion. (valence) band 

electrons (holes).
T

The components of the  superla ttice  have energy  band gaps and

E ^  and layer th ickness d* and d ^  (for example I=GaAs and 
i

II=GaAlAs). The en ergy  gap difference

V = E n -E 1 (1)o g g 1 >

is divided in to  one p a rt V which ap p ears  as a d iscontinuity  in theo, c

conduction band edge E (z) and an o th er p a r t V , which modulatesc o ,v '

the the  valence band edge E ^ (z ), w here z is the direction of the

superla ttices  grow th. T his is illu stra ted  in Figure 2.

Consider the  square  well potential in F igure 2. The s ta tes  of the

electrons (holes) in the z d irection is quan tized , yielding a num ber of

d iscre te  energ ies fo r the  electron (E ) and holes (E ). An estl-c ,n '  v ,n

mate of the electron and hole energ ies based  on an infinite well height 

gives

2 2 2 1 2 
E = w fi n /2m* ( d Y  (2)c ,n  c c 'c

'’ 2 2 1 2  
E = it"n n /2m* ( d V  (3)v ,n  v vv
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r

0,V

—  d  — I e y U r

Figure 2: Schematic rep resen ta tion  of the  po ten tia l profile of
a compositional superlattice

i _______________________________________________________________________ j

where m* and  m* a re  the  electron and hole effective masses (along c v

z ) , respec tive ly .

The above equations give a reasonable descrip tion  fo r the  lowest 

level of an isolated quantum  well multiple quantum  wells. A more 

detailed approach  is req u ired  for the general case of a SL. T here are 

several theore tical models p resen tly  available, 1. e . ,  the modified

K ronig-Pennney model(28), tw o-band envelope function  model (B astard
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model) [29] and m ulti-band tig h t-b in d in g  and envelope function model 

(Schulman model) [16] [30].

1.1.1 Modified Kronig-Penney Model

The K ronig-Penney model is described  in quantum  m echanics te x t­

book [28]. The only d ifference with the textbook treatm ent is in the 

use of two masses for the two m aterials and the modified boundary  con­

d itions, i. e. [ l/m * (z )][d *  (z), dz] continuous at the  in terface,c, v

boundary  condition in su res  the continuity  of the probability  c u rre n t. 

The modified K ronig-Penney equation reads

w here $ (z) is the  envelope function for e lectrons and holes respec
C . V

tive ly , m (z) is the effective mass along the growing direction z. This

cos(qd)=cos(kjdj)cos(kjjdjj)-l/2(x*l/x)sin(kjdj)sin(kjjdjj) (4)

where

(5)

(6)

k2j = (2m*jE/ft2)-k I2 . 2 (7)

k2n  = [2m* (8)



2 2 2= k *k , i. e . ,  he momentum p erpend icu lar to the superla ttices x y

direction  and q is the wave vecto r in the  subband .

Let us look more detail in the e ffec tr  of superia ttices (or quantum  

well) potential on the band s tru c tu re  of the diamond and zincblende 

type m aterial. The top of the valence band consists of a heavy hole 

(iiIh h ) an{* light hole con tribu tion . The degeneracy is a conse­

quence of the cubic symmetry of these  m aterials. The superla ttice  

(quantum  well) potential V(z) removes the  degeneracy , 1. e. it makes z 

inequivalent to x , y . Thus in SL (o r QW) the conduction and valence 

s ta tes  a re  shown in F igure 3. The sp littin g  of the valence band into 

heavy and light hole subbands can also been seen from Eqs (2) and 

(3 ).

The selection ru les for the optical tran sitio n  can easily understood

in term  of the K ronig-Penney model. In fact the superla ttice  wave

function $s£|(r ) ln the  effective mass framework is w ritten  as a p roduct

of the Brillion zone cen te r bulk Bloch function with a slowly v a r-c, v *

ying envelope function 0 (z) modifying along the superla ttice  axisc , v , n

f_ _ ( r)  = *° (z) (9)SL c , v c, v ,n

the  momentum m atrix element re la ted  to optical transition  can be

w ritten  as



Heavy Hola n-l

Light Hola n-l/

Electron n-a

N Elactron n— i

Haavy Hola n-2

Light Hola n-a

Figure 3: Schematic rep resen ta tio n  of the  conduction, heavy
hole and ligh t hole s ta tes  in a su p erla ttices

cv c ,n 1

w here P = <1? >cv c ' v

v ,n„ ( 10)

(ID

T hus only when n^^n^ or An=0, then  in terband  dipole m atrix are  la rge . 

A lthough the overlap between o th e r envelope functions is not exactly  

zero due to the difference betw een the conduction and valence band 

o ffse t, it is small enough to give th e  quasiselection ru le .
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Up to now, the  modified K ronig-Penney model is still the one most 

commonly used in th e  design of a SL. However, it frequen tly  in tro d u c­

es e r ro r  for the  h ig h er subbands. The reasons are  t* -> non- 

paraboliclty  of the  bulk  band s tru c tu re , the  mixing of the 3uperiattices 

bands when they  a re  close in energy  and the  mixing of light and heavy 

hole ch arac te r for k not equal to zero.

1 .1 .2  B astard  Model

Calculation of the  B astard  model begins w ith the 6x6 Kane matrix 

describ ing  the  k .p  in teraction  within the  Tg and Tg subspace [31]. By 

decoupling the  heavy partic le  (M^=±3/2) from the  ligh t partic les (elec­

tro n  and light hole Mj=±l/2) , the Kane m atrix can be transform ed into 

two identical 2x1 d ifferen tia l system s (fo r describ ing  coupling between 

ligh t hole and electron  ) and two lx l  system s (fo r describ ing  heavy 

h o le ) . The l x l  equation leads to the same solution as the modified 

K ronig-Penney model, however the  2x2 equation in troduces a small 

modification to the  modified K ronig-Penney model, i. e . replace x by

x = k I (E*EgII-Vo) /k n (E*EgI ) (12)

The advantage of th is  method is th a t a t almost no cost in term s of 

computational e ffec t, it gives quite  satisfac to ry  re su lts . The mixing of
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the  conduction band and the ligh t hole is considered and the non- 

parabolicity  of the bands is included in a n a tu ra l way. We have com­

p ared  B astard  model to the more sophisticated  methods (Schulm an's 

model). R esults arc v e ry  close for all the  confined levels (within 1-2 

m eV). The discrepancies among published  re su lts  for similar cases is 

due simply to the variations in bulk param eters assum ed as input to the 

calculations, especially effective m asses.

The disadvantage of the envelope function method is th a t it allows 

no mixing of two o r more bulk s ta tes  with widely separa ted  wave vector 

and  no mixing of bulk  heavy hole and light hole s ta tes  in the su p e rla t­

tice wave function . T hus although it gives the almost rig h t energy  

positions of the  subbands, it can not explain any forbidden transitions 

which frequen tly  appear in experim ents [12] [32] [33].

The limitation of the  two band envelop function model is th a t the 

ra tio  of the bulk  band gap to the  effective mass in m aterial I and II 

m ust be the same. T hus if the band gap and effective mass in the well 

a re  u sed , the choice must be make w hether the  band gap o r the effec­

tive  mass of the b a rr ie r  , bu t not both , is also used . Y. C. Chang , 

e tc . sugg ested  th a t [34] it is p re ferab le  to use the  effective mass to 

the  energ y  gap. However, from an experim ental point of view, the 

en erg y  gap is a quan tity  which can be easily m easured.
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1.1.3 Schulman Model

J .  X. Schulman, e tc . have recen tly  p resen ted  a m ulti-band tig h t- 

binding and envelope function method [16] [30], They used five o rb i­

ta ls p e r atom (s.x.y.ZjS**) and n eares t-n e ig h b o r overlap to produce 20 

Bloch s ta tes  p e r m aterial . By diagonaling the Hamiltonian formed by 

using  the 40 Bloch functions, the  superla ttice  function can be expanded 

as a linear combination of them. T h e ir re su lts  showed th a t, the lowest 

superla ttlce  conduction band s ta te s  a re  prim arily derived  from the 

expected  bulk  s ta tes  with wave v ecto r near the cen te r of BZ. The

valence band s ta tes  a re  more complicate In th a t the superla ttlce  po ten ­

tial mixed the  heavy-hole and ligh t-ho le  sta te  to ge ther. This type of

m ixture is especially s trong  when heavy-hole like and ligh t-hole like 

s ta te s  a re  close in energy  for certa in  superla ttice  th ickness. The mix­

ing b reaks down the  optical selection ru le  An = 0 and has substan tia l 

e ffect on the optical p roperties  of the superla ttices. We will re tu rn  to 

th is  point In the  la te r  section.

1.2 Doping Superlattices

In co n tra st to the compositional sup erla ttices , doping superla ttices  

[24] [35] [36] [37] consist of homogeneous bulk m aterial modulated only 

by  periodic n and p doping, possib ly  separa ted  by undoped (In trinsic ,
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i) regions (nipi c ry s ta l) . The periodic potential in doping superla ttices 

is exclusively space-charge  Induced. As we are  dealing with a homoge­

neous sem iconductor, the  effective mass approxim ation provides a very  

sa tisfac to ry  descrip tion .

wound «tot»

s * T " f r i

Figure 4: Schematic rep resen ta tion  of e lectron  and hole in the
nipi s tru c tu re
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C onsider the simplest nipi s tru c tu re  formed by a compensated dop­

ing with equal th ickness ^ n =d^ for n and  p doping lay ers , and equal 

doping concentration n =n . The period space charge potential in th isU ft

case is parabolic and has an am plitude of

2V =4ire^n ,d*74e (13)o d '

where c is the dielectric constan t of the  m aterial and d=d *d . Then p

subband  energy  and envelope function a re  exactly  solutions of the h a r ­

monic oscillator equation. [24]

E = (n*i)fiu  (14)c ,v ,n  v c ,v  '  '

w here

“Ku = )^ (15)c ,v  '  d c ,v '  '  '

mc ^ is the effective mass for e lectron  and hole respectively  (see F ig­

u re  4 ). Since the  electron and holes a re  separa ted  in real space, th e ir  

is no selection ru le  for optical tran sitio n s . The transition  energies a re

E =E -2V ♦(n*i)1iw ♦ (m*i)'fiw (16)n ,m  g o c v

w here E is the  energ y  gap of the  host m aterial, 
ff
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 %

e^vM (z)

dfaections

Figure 5: Uncompensated doping su p erla ttices , a ) small free
c a r r ie r  concen tra tion , b) an interm ediate value of 
free  c a rr ie r  concentration

In the case of an uncom pensated doping su p erla ttlce , th e re  is a

(2) (2)fin ite  (two dimensional) electron o r hole concentration n o r  p  in 

the n o r p layer. Its  value follows the  n eu tra lity  condition

n ^  = n d -n  d (17)d n a p
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The spatial d is tribu tion  of e lec trons, n (z) o r holes, p (z ) depends on 

the  wavefunctions of the  populated subbands and the  num ber of c a r r i­

e rs  in th e s r  subbands. They have to be calculated se lf-co n sis ten tly .

Ruden and Dohler e tc . [38] rep o rted  a detailed s tudy  of the self- 

consisten t calculation and showed th a t the free  ca rrie rs  have a sign ifi­

cant probability  to rem aining a t the cen te r region of the respective lay ­

e rs  (see Figure 5 ). Hence one can assume th a t the space charge is

'21exactly  neutralized in the cen tra l region of width d = n ' and sim-
d D

ply  solve the effective mass equation with a flat bottom a t the  cen te r of 

each layer (see F igure 5 ). This simply method was used  in th is  th esis .

1.3 Space Charge Region

Extensive studies on Fermi level pinning and space charge region 

have been rep o rted  in the  lite ra tu re s  [6] [7] [26] [27]. One model

th eo ry  of Fermi level p inning  in zincblende type sem iconductor is the 

Defect Model [26]. In th is  model, a la rge  density  of su rface s ta tes  is 

assum ed to been due to the defects (such as lack of As atom near the 

GaAs surface) o r a re  associated with oxide layers  and foreign absorbed  

m aterials. Most of the surface  s ta te s  are  laying in the  middle of the 

e n erg y  gap (see F igure 6 ). Fermi level a t the  surface is to be pinned 

in the  position of the  s ta tes  (i. e . middle of the  energy  gap ). R ecen t­
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ly , J .  M. Woodall, etc [27] have suggested  a new model so called Effec­

tive Work Function Model (EW'F). The EWF model assum es th a t the F er­

mi level location is d e^ rm ined  by the work function of anions released 

from the  bulk m aterial (for example, As from GaAs or P from InP ). 

For most of the III - V sem iconductors (excep t In A s), the work function 

0p o r $ ^ g is near the middle of the en erg y  gap (see Fig. 1 in ref 

[27]). Because of the Fermi level p inn ing , free  ca rrie rs  near the III-V 

sem iconductor surface are  removed and only the bare ionized im purities 

a re  le ft. Under th is fully depletion approxim ation, the Poisson's equa­

tion can been w ritten  as

d 2t / d x 2=4ve2n^.' t  (18)

w here n . is the doping concentration, e is the  d ielectric constan t. The a

depletion w idth is

d g=(eVg/2irenD)* (19)

and  the  surface electric  field F  isu s

C  2 = 8iren_ V /e (20)Os D s

w here V is the surface band bending . Using the  above equation, we s
18 19 “3can estim ate the surface depletion w idth of GaAs (n^-10  -10 cm ) 

being about 50A to 200A and the  su rface  electric  field as h igh as 

106V/cm.



16

Cw M t lWI

V ali

Fl6ur* § : Schamatic rapraaantation of tha aurfaca atataa
band banding in an N-typa ■amkiomlin Un1

and



Chapter II 

MODULATION SPECTROSCOPY

2.1 Theory of Modulation Spectroscopy

The idea of modulation spectroscopy [2] [G] [7] [39] is a very  gen­

e ra l principle of experim ental p h ysics . Instead  of d irec tly  m easuring an 

optical spectrum , the derivative  of the spectrum  w ith re sp ec t to some 

param eter is m easured. This can be easily accomplished by applying 

th e  param eters as a small p e rtu rb a tio n  in a periodic fashion and meas­

u rin g  the corresponding  change in the  optical p roperties  with phase 

sensitive  detec to r (i. e . w ith a lock-in am plifier). S tru c tu re  in the 

conventional optical spec tra  is considerably  enhanced in the derivative 

sp ec tra  and flat, s tru c tu re le ss  backgrounds a re  eliminated.

The modulation techniques can be classified into two categories: 

in te rn a l and ex tern a l. In the in ternal modulation method, param eter of 

the  monochromatic optical beam, such as the w avelength or the degree 

of polarization, is modulated. In the  ex tern a l method, an independent 

modulation param eter (e .g . a s tre s s , an e lectric  field, e tc .)  is applied 

to  the sample. The in ternal method is simpler from the theoretical point

- 17 -



18

of view since it involves only the optical p ro p e rtie s  of an unp ertu rb ed  

solid. On the  o th e r hand , ex ternal method is sim pler from the ex p eri­

mental point of view. In an In ternal modulation experiir~~it the spectra l 

d is tribu tion  of the in tensity  and polarization p ro p e rtie s  of the incident 

beam produces spurious signal which can only be co rrec ted  by using a 

double beam system . In an ex ternal modulation experim ent, however, 

the  spurious signal can been removed easily , especially  with a new s e r ­

vo mechanism developed in th is th esis . We shall re tu rn  to th is point in 

the  la tte r  section.

The ex ternal modulation method can be subdiv ided  into two catego­

ries  according to the n a tu re  of the p e rtu rb a tio n . Some p ertu rba tions 

(e .g .  s tre s s  [40], tem perature [41]) p re se rv e  the  translational symme­

tr y  of the  solid. In th is  case momentum conservation  m ust be satisfied , 

i. e. & k = 0 and e ith e r the energy  gap o r the b roadening  param eter o r 

both have been modulated which usually  gives rise  to the f irs t 

derivative-like  sp ec tra  (see F igure 7a). O ther p e rtu rb a tio n s  partially  

destro y  the  translational invariance (e. g. e lec tric  field [6] and mag­

netic field [2 ]) . In th is  case, forbidden tran sitio n s  of A k * 0 become 

allowed (see F igure 7b) which gives rise  to complicated Lineshapes u su ­

ally corresponding  to h igher o rd e r derivative-like  sp ec tra . In te rp re ta ­

tion of these  kinds of sp ec tra  involves the ra th e r  formidable problem of



Figure 7:
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Two categories of modulation mechanism. a )F irs t 
derivative  modulation p rocess where lattice p eriod ­
icity is p re se rv ed , b) electric  field modulation 
w here lattice periodicity  is not p reserv ed .
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the theo ry  of the optical p ro p e rtie s  of the m aterial in the  presence of a 

p e rtu rb a tio n . Since the A k t 0 tran sitio n s  a re  now add to the spec­

t r a ,  it can not and should not simplified to f ir s t  derivative  sp ec tra .

Among all kind of m odulations, e lectro  modulation (including e lec­

tro reflec tance , electro lyte electro reflectance and photoreflectance) is the 

most powerful technique because of the sh arp n ess  of the sp ec tra . In ER 

(electroreflectance) the field is modulated by applying the  p e rtu rb a tin g  

voltage across a MOS configuration , Schottky b a rr ie r  o r immersing the 

sample in an electro ly te (e lectro ly te  electroreflectance EER). In PR 

(photo reflec tance), the modulation is accomplished by photo-injected 

electron-ho le  pairs  c reated  by mechanically chopping a la se r o r o th e r 

second ligh t source of photo energ y  g re a te r  than  the fundam ental gap 

of the  m aterial. In th is  thesis we will only d iscuss the  electrom odula­

tion techn iques.

2.1.1 Dielectric Function and Modulation Spectra

The fundam ental quan tity  which describes the  optical response of 

the  m aterial is the complex dielectric  function

e(w) = ej(u) ♦ i t 2 (w) = N2 (21)

w here N'=n+ik is the complex re frac tiv e  index of the  m aterial. The real 

p a r t  ( t j )  and imaginary p a rt of c(w) a re  re la ted  to those of N by:
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( 2 2 )

e , = 2nk (23)

For n ear normal incidence, the  re flec tiv ity  a t the  discontinuous in te r ­

face between two d iffe ren t, but homogeneous media (substra te /am bien t) 

can be w ritten  using  F resnei's  equations as

w here N and N a re  the re frac tiv e  indices of the  m aterial and the

am bient, respec tive ly .

The dielectric  function exh ib its fea tu re s  which a re  due to s ingu lari­

ties  in the  combined density  of s ta te s  a t certain  po in ts in the BZ called 

Van Hove singu larities [42] o r ' critical points To calculate modula­

tion sp ec tra  (b u t not the dielectric function as a whole) we can w rite the 

d ielectric  function as a superposition  of the  local functions [6]

R = l(N -N a ) r / |( - N T*N*a ) r (24)

a

t (E ,r )= (Q /E 2 )E(Ec v ( k ) - E - i D ‘ 1 (25)

where

2 “> 2 2 Q=eV|e.P | /wm cv (26)



c ,v  denotes conduction (empty) and valence (filled) bands, re sp ec tiv e ­

ly . The q u an tity  e is the unit polarization vecto r of photon electric  

field , E is photon en erg y , m is the free  e lectron  mass and:

is the  in te rb an d  en erg y , and T is the  phenomenological broadening 

param eter.

Because the  region is local we may assum e Pc v (k) to be independent 

of k . Perform ing the in teg ra l In eq .(2 5 ) explicitly  for one two, o r 

th ree  dimensions (fo r which two, one o r none of the reduced in te r band 

effective masses m* a re  in fin ite), we have explicitly

P = < ck |p |v k >  cv r ' (27)

is the  momentum m atrix .

E (k)=E (k )-E  (k) cv c v (28)

2 (1+11 - ir(Q/E“)Dx Dy Kzi u  (Eg"E*ir) * ID

e(E ,r )  (Q/E2)Dx Dy Kzl (1*2)ln(Eg -E*ir) 2D

1(2sQ/E2)D D D i ( i 4 l ) (E -E*ir)^ 3D x y z ' g

(29)

w here

Dj = |2m*rt2 |* , i= x ,y ,z (30)



23

K,=K or K are the  cutoff leng ths in the  brillouin zone for one and i y z

two dimensional critica l po in ts, and 1 is the  critica l point type which 

equal to the num ber of negative m asses. We emphasize th a t the above 

equations are  to be used  to calculate d ifference o r derivative spec tra , 

and consequently , constan t background term s do not appear.

In modulation experim ents the p e rtu rb a tio n  changes the dielectric 

function e. Let us assume th a t the real and im aginary p a rts  of the 

dielectric  function a re  changed by the amounts Ae  ̂ and Ae„, resp ec tiv e ­

ly . Then it can be shown th a t

AR/R = Re (2N A e/N (e-t )} (31)a a

= Re{ (a-iB)Ae) (32)

= « (er t 2 . t a )Ac1 ♦ 8 (e i , t 2 ,ea )Ae2 (33)

w here a and 0 are  the  Seraphin coefficients, which have a characteristic  

energ y  dependence fo r most sem iconductors, e& is the dielectric con­

s ta n t of the  am bient. In the nex t section we shall show how Ae  ̂ and 

Ac2 a re  varied  by an applied electric fieid.

2.1.2 Low Field Limit (Third Derivative Spectra)

Several method can be found in the lite ra tu re  [43] [44] [45] [46] 

[47] fo r the  calculation of the dielectric function in the  presence of low

electric  field. Most of derivations a re  algebraically  complicated . We
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here  p resen t a very  simple semiclassical approach [48]. Although it is 

not rigorous the physical in sigh t is quite tra n sp a re n t.

Tue physical mechanism responsib le for e lec tric  field modulation is 

the  coupling of the field to the electron (o r h o le ), causing  them to 

accelerate th rough  the lattice and to occupy a range of k  s ta tes  before 

they  undergo  a collision process (see F igure 7b ). T here  is ano ther 

way of saying th a t an electron (or hole) occupies a range of energy  in 

the  band s tru c tu re  p rio r to a collision. This energy  a ss is ts  electron in 

tunneling  though the  gap and effectively reduces the energ y  gap.

The energy  gain of electron and hole can be calculated using c las­

sical mechanics

where m* is the in te rband  reduced  effective m ass, t  is time between 

two collision and is electric  field.

The average energy  (o r the average en ergy  uncerta in ty ) du ring  

- t /2  to t/2  is

Egain (34)

Egain e <5“t ^ m * (35)

The change in dielectric constan t due to £  is
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Ac = *(E-Egain,r )  - e (E ,r )  (36)

if the field is lnw enough so th a t:

E < r (37)gain

th en  we can make a T ay lo r's  series expansion yielding

Ac = -E . (d /d E )e(E ,T ) (38)gam

= - ( e 28 2t 2/24m*:‘)(d /d E )c (E .r )  (39)

In quantum  mechanics

t  = ifi(d /dE) (40)

and th u s:

Ac = ( l / 3 )e f in )3 (d3/dE3)c ( E ,r )  (41)

w here

is the ch arac te ris tic  electro -op tic  energy  of the  system .

It can been easily seen th a t the  e lectric  field-induced  change is 

re la ted  the th ird  derivative  with re sp ec t to en erg y  of the u n p e rtu rb ed
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dielectric  function. This is in co n tra s t to the f ir s t  derivative n a tu re  of 

modulation techniques which p re se rv e  tran sla tion  symmetry. T hus 

electro-m odulation will give sharp er s tru c tu re . From the above equation 

we can also see th a t the  lineshape of Ac is independent of field in the 

low field limit and its amplitude simply increases as the square of the 

field and  inversely  as the in te rb an d  m ass.

It is in te re stin g  to  point out th a t th is  simple derivation , unlike any 

o th e r sophisticated  method, is independent of the  u n p e rtu rb ed  dielectric 

co n stan t. I t does not m atter if the  zero field d ielectric function is 

Lorentzian-Like o r G assian-like, the  low field electric  modulation is 

always th e  th ird  derivative  of the  co rresponding  function as long as 

e lec tron  and hole can accelerate and  gain energ y  from the electric field. 

We will re tu rn  to th is point when we d iscuss the  mechanism of photore­

flectance .

The inequality  < T gives the  limit fo r the  low field reg ion .

If we approxim ately take t=T=h/T the average collision time, then  the 

en erg y  gain p rio r to a collision will be

E =e2<52t2/24m*=('KQ)3/3r2 (43)gam

Low field limit condition E <T readsgain

(iS2)3/r 3 < 1/3 (44)



Hence, the  above low field limit is applicable to the in trab an d  mechanism 

when the  average energy  gained p er partic le  by acceleration in the field 

is small compared to the  n a tu ra l lifeti—i  induced u n certa in ty . In p ra c ­

tice the  above low field limit is valid if the  charac te ris tic  energ y  1K2 <

r. In th is  limit the  field en te rs  only as a scaling p re fac to r <£“ . E xper­

imentally th is  low field limit can be recognized w henever the  spectra l

2amplitude scales as £,• , and no change is observed  in the linesnape.

Usually as a ru le  of thum b, th is  low field limit is applicable w henever 

-4AR/R £10 . Since the  lineshape is field in v arian t, it is not necessary

to use square  wave modulation nor even to modulate from flatband p ro ­

vided th a t both  dc and ac field satisfy

Since the  low-fleld e lectroreflectance (ER) s tru c tu re  of a single 

critica l point is well localized within an en erg y  range not exceeding 

severa l broadening  param eters, the u n p e rtu rb a ted  dielectric function 

can be replaced with the local d ielectric function d iscussed  in last sec ­

tion, th u s  we can w rite:

(AR/R) = R e((C el0(E-Eg * i r ) ) 'n ) (45)

w here C and B a re  the  amplitude and phase facto r which v ary  slowly 

w ith E, and  hence can essentially  be considered  energ y  independent for 

small changes in E. The param eters C and  6 determ ine the amplitude
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and asym m etry of the  lineshape, re sp ec tive ly , and and 7 determine 

the location and w idth of the s tru c tu re . For th ree  dimensional critical 

points ( i . e . ,  all the  effective masses a re  finit'*' n=2.5, and for two 

dimensional critical poin ts ( i . e . ,  one of the masses is infinite) n=3 

w hereas n=3.5 for a one dimensional critical po in t. In the case of exc:- 

ten , electric field modulates exciton binding energy  as well as acceler­

a tes electrons and holes. The f ir s t  one gives a contribution co rre ­

sponding to n=2 , while the  second or.e corresponding  to n=4.0

2.1.3 Franz-Keldysh Oscillations

If the low field limit is not valid, then  a full quantum  mechanical 

descrip tion  must be u sed . Several d iffe ren t b u t equivalent methods have 

been rep o rted  in the  lite ra tu re s  to  calculate the  dielectric constan t in 

the  presence of such an electric field [49] [50] [51] [52] [53] [54] 

[55]. We outline only the sim plest, i. e . ,  the sta tionary  state  

approach  in the  effective mass approximation [ 50].

T he calculation begins with the cen te r of mass problem of the elec­

tro n  and  hole

[(fi2,2m'!')V2>e^z*W1]0i (z) = 0 (4G)

The solution of Eq(46) is given by :

♦A(z) = ( e £ /h 0 )  A iK e^z-W jJ/iie] (47)



where

(* 9 )3=e2<32*i2/2m* (48)

and Ai is the  Airy function.

The im aginary p a rt of the dielectric function is proportional to the 

probab ility  of finding electron and hoie at the same position, i. e.

*2 (E) * (QVE-) Z 10(0) | “6(Wj-E) (49)

su b stitu tin g  0(0) from Eq(47) into the above equation yields the re su lt:

(50)«2(E,S) s  ( Q 7 E 2 ) ( * 0 ) * * [ A i , 2 (T i ) -nAi2 < n) l

t 2(E ,0) = (Q '/E 2)(fi0)*(E -E g ) i H(E-Eg ) (51)

w here H (x) is the  step  function and

Q' = (2e21i2/m 2) |e .P c v | 2(2m>:V'R)3/2 (52)

n = (E -E )/ii0  
8

T his re su lt and its Kramers*Kronig transform  (i. e . ,  At^) can be 

ex p ressed  as:
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A t(E , S  ) =(Q,/E 2)(*9 )* [G (n )M F (i)) (53)

where

(54)

G(ji) = r(Ai’Cn)Bi’(n)-nAi(n)BiCr) 1 *(n)‘ H(ri) (55)

T he Uneshape factor G and F, p lo tted  as field induced changes in real 

and  imaginary p a rt of d ielectric function a re  shotvn in Figure 8.

The physical p ic tu re  of F ranz-K eldysh  oscillations is pho to-assisted  

in d irec t in te rband  tran sitio n s  In the  real space. F ranz-K eldysh oscilla­

tion is also sometimes called pho to -assis ted  tunneling . T ransitions 

betw een valence band and  conduction band are  now possible for energy  

smaller then  th rough  the quantum  effec t, which corresponding  to the 

exponential tall in F igure 8 for n>0. T ransitions above the en ergy  gap 

(n<0) show resonance e ffec ts, w herever the  distance the electron tra v ­

els equals an in teg er num ber of de Broglie w avelength, which co rre ­

sponding to the  periodic peaks in F igure 8.

Using the asym ptotic expression  of the  Airy function [56]

1 - 1 / 4  1 / 2
Al(n) = » V n )  sin ((2 /3 ) ( -n ) ♦■w/4] (56)

Notice th a t:

(fi0)3 = (li2 )3/4 (57)
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Franz-Keldysh O sc i l la t ions

/ \

7

Figure 8: The Franz-K eldysh lineshapes. Solid line G,
dashed line F.

The energy  a t the peak of the vth half oscillation is determ ined by 

the  relation:
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3 / 2

vir = 0*(2 /3)[(E v-Eg/'/fiJ2] (53)

3/2T hus a plot of extremum num ber v v e rsu s  2/3(E^*E^) “ yields a slope

•3/2of (”fifl) Since contains information about effective mass and the

electric  field , it is im portant to observe as many oscillations as possi­

b le. In o rd e r to do so , a uniform modulation from the  flat band was 

suggested  by  several au tho rs  [57] [58]. T hat usually  requ ired  a n e a r­

ly  in trin sic  sample. In heavily doped sem iconductors, the  electric field 

is always inhomogeneous since the penetration  dep th  of field is so small. 

We will dem onstrated  in next section th a t an homogeneous modulation 

can also be obtained by applying a small ac modulation field.

2.1.4 Generalized Franze-Keldysh Oscillations

The above FKO theory  is based on modulation from flat band and do 

not take into account the p resence of large build in dc field (e .g . in 

the  space charge region of heavily doped m aterial o r nipi s tru c tu re s ) . 

We will show below th a t if the dc field is considerable la rg e r than  the 

modulation field , the period of the KFO are  a m easure of the  former 

field , not the  la tte r .

Including a dc electric field( .5 * ^ ) . the  change of dielectric function 

due to the  ac modulation ( Q  ) can be w ritten  asAC
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S'< E ’ 8 d c ’ 8 j c > = t<E'^ d c *  S « c , "t ( E ' ^ d c ’ ^ac*  *59*

= 4' < E ’ <5 d c * S . c > - “ ( E ’ £ d c - £ a c ) (60)

lf£ a c  " £ d c  tlw n

{'< E - £ d c '£ . c >  * 2 £ a o ( d / d £ d c ) l t ( E ’ £dc> <61>

Using rela tions betw een Airy functions and th e ir  derivatives, we have 

expiicity

6^ E - ^ d c ’ ^ a c ) = <4/ 3 ) ^ a c / f i d c ) ( Q 7 E 2 ) ( f i 6 ) i l 5 ( n ) "1?(T' )1 (62)

where

F(n) = (if/2) (Ai,2(n) ♦nAi2 (n) I (63)

<?(1 ) = ( ir/2)[Ai’(Tl)Bi'(n)^T|Ai(Ti)Bi(n)l (64)

Since t) is re la ted  to the dc field, the  FKO now is determ ined by S ^ c 

not the  modulation field £ &c- T hus FKO prov ides a d irec t optical m eas­

ure of the  surface (o r interface) field.

In o rd e r to compare th is re su lt to the  experim ent, one must take  

into account the inhomogenities of the field. Aspnes and Frova [57] 

pointed out th a t, in the presence of non-uniform  field, an approxim ate
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solution of Maxwell equation in the  simple local uniform pertu rb a tio n  

approxim ation leads to an expression  for the  effective change in dielec­

tr ic  constan t is

u

In the fully dep leted  space charge region th e  electric  field changes lin ­

early  in the  SCR

w here is the electric  field a t the  su rface . is the  depletion

w idth . For a  v e ry  sh o rt field pen etra tio n  d ep th  (i. e. heavily doped 

m aterial) the effective change of d ie lectric  function is

w here C is a real constan t. When apply ing  an ac modulation, the s u r ­

face field will change from S ^ c '  t0 ^ d c *  S a c '  however 

slope of electric  field keeps constan t (see F igure 9) provided th a t net 

free  c a rrie rs  in SCR is negligible compare to the im purity concen tra ­

tion . The net charge of dielectric constan t due to the ac modulation is

(65)

£ ( z )  = £-(<* -* ) /d  (0<z<d )S X 9 X (6 6 )

0

(67)
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f  * £v^dc w ac 

<6e> = iC \ Ae(fe)d(S

£ d c ‘£ a c

(68)

r
E l t c t n c  f i « l d

I
iI
i

DC-A

Figure 9: Space charge region modulation by a small ac field
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In o rd e r to compare th is  re su lt  to the uniform modulation case, we 

w rite  electric  field in u n it of ^ d c

« * <«9>

.  = (Eg -E )/* edc (70)

(*9dc)3 • • V ( 5 dc2/2m> (71)

T he lineshape of SCR modulation can be given in terms of two g en era l­

ized Franz-K eldysh function F(ri,5) and G (ti,5)

««<E ,£dc. £ , c ) = C,Sdc1/35 >c[T (n ,J)-iC (a ,{)l (72)

w here

r
T (n ,5 ) = (1/2?) 1 x 1/3F (ti/x ‘*/3 )dx  (73)

1-5

r l*5

G (n.5) = (1/25) \ x 1/3G (u /x 2 /3)dx (74)

1-5
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Generalized Franz-Keldysh Oscillations

Figure 10: Generalized Franz-Keldysh oscillation (real part).
Solid line £dc dashed line
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Generalized Franz-Keldysh Oscillations

Figure 11: Generalized Franz-Keldysh oscillation (imaginary
part). Solid line CAc *0.01 dashed line

<?dc*0 1
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The lineshapes G (n,£) and F (n ,£ ) , p lo tted  in unit of 1T9 . for d if-dc

fe ren t £, (i. e. the ac filed) a re  showing in F igure 10 and F igure 11 

As can be seen th a t the period is almost independent of £ (the ac 

m odulation). The major effect of ac modulation is smear out the  h igh 

o rd e r oscillations.

The physical p ic tu re  of the above re su lt is the  effective modulation 

shown in F igure 9. The solid line co rresponds to the  positive half cycle 

of the  ac modulation and  the  dashed  line co rresponds to the negative 

half cycle. The d ifference between them is th e  shadowed area . If

is small, the  effective modulation is from fla t band to The

shadowed trapezoid  approaches a th in  rec tan g le . It is also clear m athe­

matically th a t

formal uniform FKO formula recovered  when £=0. When ac increases the

effective modulation covers a region from P. . - P  to P  . ♦ F. T huss  O de &ac '■'dc '■'ac

the £ a c  field produces an equivalent non-uniform ity modulation. 

A lthough it does not change the  period sign ifican tly , it does smear the  

high o rd e r  oscillations. In o rd e r to get more oscillations, a re la tive ly

11m G ( n , £ )  = G ( t i )  

£“0
(75)

lim F(n .£) = F(n) 
£-*0

(76)
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small ac (<0.05) is ap p rop ria te . On the  o th e r hand , the in tensity  ratio  

of the neighboring  maximum may be used  as an optical method to obtain 

the ac /d c  ra tio .

2 .1 .5  Mechanism of Photoreflectance

In the  case of PR a modulation of the optical constan ts occurs

because of the  photoinjunction of electron-hoie p a irs  by a secondary (or

pump) ligh t beam. These free  c a rrie rs  can p e rtu rb  the reflectiv ity  by

various mechanisms including: 1) the  screen ing  of excitcns, 2) a

Burstein-M oss effect (band filling e ffec t) , 3) a reduction  of the built-in

surface (o r In terface) field th ro u g h  a recom bination of minority species

with charge In surface (or in terface) s ta te s . All of the mechanisms

given above may be operative and even dominant, depending on the

circum stances. However, in o u r experim ents, mechanism (3)

(=electroreflectance) seems to be most im portant [6].

F irs t the  B ursteln  Moss effect (band  filling effect) is negligible in
2

our h ig h est pump in tensity  (about lOmW/cm and corresponding  to the

6 *3free c a r r ie r  concentration less than  3x10 cm ) . O ur experim ent 

showed th a t the  ra tio  of d ifferen t PR fea tu res  rem ained constant even 

photon en erg y  of the secondary ligh t beam was below those transitions 

as long as photon energy  is above the fundam ental gap of the material. 

T hus it ru les  out the  band filling effect in o u r experim ent completely.
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The screening of exciton effect was also small for the  c a rr ie r  con

cen tration  mentioned above [59]. For most of the  QW and SL we have

stu d ied , the PR spectrum  was insensitive to the change in the in tensity

of e ith e r the pump o r p robe beam. . It ru led  out the  possibility  of

screen ing  effects.

r ----------------------------------------------------------
tu rn<ity light «—r«» til

(IMMIIM 9  9  _
•  •  •
lOmitt »

«h (MIliM

»m —grey l ig h t  Mure* 22

e
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Figure 12: Effect of la se r induced modulation in space charge
reg ion . In a) the laser is off and the band ben- 
ing and the  population of the surface  s ta te s  are 
maximum. In b) with laser on the  photogenerated  
holed recombine with electrons in surface s ta tes 
and  reduce  the  band bending.

L J
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The reduction of b u ilt- in  su rface  e lec tric  field is shown schem atical­

ly  in F igure 12 fo r an n -ty p e  sem iconductor. In the  u p p e r portion 

(secondary  ligh t off) the  band bend ing  and  the  populatlc~ of su rface 

(in to rface) s ta tes  as  a t maximum. In  the  lower portion , w ith secondary 

lig h t on, th e re  a re  photo-excited  e lectron-hole  p a irs . These photo- 

excited  holes move tow ard the  su rface  and  recombine with e lectrons in 

th e  surface s ta tes  and hence reduce  the  band bending . T his cause a 

modulation of the space-charge  region e lec tric  field. The lineshape of 

PR in th is  case is identical to the  electro reflectance lineshape. We shall 

be  back to th is  point in la tte r  section.

2.2 Experimental Details

2.2.1 Electroreflectance

In th is  section we describe  in detail th e  experim ental se tu p  and the  

details  of the  method in ER spectroscopy .

The schematic of the  experim ental se tu p  fo r the ER system  is shown 

in  F igure 13

Light from a 150 w att Xenon a rc  is passed  th ro u g h  the  monochro­

m ator (in  o u r case PTI Model 01-002 [60]). The monochromatic lig h t 

coming th rough  th e  ex it slit is focused onto th e  sample by  means of a 

spherica l m irror o r  a lens. T he m odulating voltage is applied between
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the  sample and the  indlum -tln oxide (ITO) lay er, which was deposited

to  a th ickness of about 500 A by Ion beam sp u tte rin g , and has a  c a rri-

21 “3e r  concentration  of about 10 cm T he energ y  gap of ITO is about

3 .5  eV, hence it is tra n sp a re n t a t  th e  region of o u r In te res tin g  

(1 .2 -2 .0  eV ).

T he modulating voltage is a square  wave a t 200 Hz from a function

gen era to r (HP model 3311 A ), which also p rovides reference  signal to

the  lock-in  amplifier (SR510 Lock-in am plifier made by  S tanford

R esearch  S ystem s). The reflec ted  lig h t is collected by the  photom ultpli-

e r  tu b e  (PMT S - l  fo r 8000A-1100A o r S-20 fo r 2000A-8000A) o r a  silicon

photodiode fo r 3000A-10000A.

The reflec ted  lig h t collected by  the  PMT has a  la rge  dc in ten sity

corresponding  to the  p roduct of the  Incident ligh t In tensity  IQ and  the

av erag e  sample reflec tiv ity  R. Superim posed on th is  la rge  dc signal Is a

small modulation with an amplitude.IqAR, AR being the change In R due

to  th e  m odulating field . Hence the  o u tp u t of the  PMT contains a dc p a rt

proportional to IqR and  an ac p a r t proportional to  IqAR, which varies

w ith th e  m odulating frequency . Hence th e  ra tio  of the  ac p a r t  to the
~4 *6dc p a r t  gives AR/R. The changes AR/R was typically  10 ~10 

T hese  changes can easily  be de tec ted  by  the  usual phase sensitive  

detection  techn iques. The dc ou tpu t IqR of the  PMT is fed  into a se r-
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F igure  13: Schematic function  block diagram  of e lec tro reflec
tance  se t up
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vo am plifier (mechanical o r electronic) which ad ju sts  the high voltage of 

the  PMT in o rd e r to keep the  dc o u tp u t I^R , a co n stan t. The ac com­

ponent of the  o u tpu t signal IqA R . is d e tec ted  b y  th e  lock-in am plifier. 

T he o u tp u t signal of the  lock-in  am plifier is p roportional to AR/R, the  

re la tiv e  change in reflectance.

T he servo  mechanism autom atically co rre c ts  fo r any fluctuations in 

the  re flec ted  in tensity  due to : (a) changes in the  incident ligh t in te n ­

s ity  (a common problem in arc  lam ps), (b ) changes on the  surface  of

the  sample. T hus In normalized m odulated sp ec tra , It is not necessa ry  

to  collect the  en tire  reflected  lig h t from th e  sample surface  since the  

common fac to r Iq is eliminated.

In  th e  ev en t th a t de tec to r such as  Si o r  Ge photodiodes a re  

re q u ire d , a new servo  mechanism was developed. We will d iscuss It in 

th e  n ex t section

2.2.2 Photoreflectance

T he schematic of the  experim ental se t up  fo r Photoreflectance is 

show in F igure 14. The modulation is  accom plished by  mechanically 

chopping  a la se r  o r o th e r secondary  (pum p) lig h t source of photon 

e n e rg y  g re a te r  than  the  fundam ental gap of th e  m aterial. In o u r

experim ent, the  modulating ligh t source was one of the  following a) the

6328 A line of a He-Ne la se r , b ) th e  4579 o r  5145 A lines of a  A r las-
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e r ,  c) the  lig h t in the  region of 2000A to  10000A from a second 

monochromator w ith a  Xenon a rc  source. The chopper frequency  was 

nominally a t 100Hz 200Hz (PTI Model 03-0e400) [60]. The m easure­

ment is carried  ou t similar to ER . Light from a white ligh t source 

(Xenon a rc ,tu n g s te n  lamp) is d isp ersed  by  a monochromator (probe 

beam) and then  reflec ted  from the  sample. The reflec ted  ligh t is u su ­

ally pass th rough  a filte r o r a pin hole collimator to limit the  false s ig ­

nal (d iscussed  in n ex t section) and is th en  de tec ted  by  a PMT o r Si 

d e tec to r. The signal from the  de tec to r is th en  p rocessed  by a lock-in 

am plifier tuned  to the  modulation frequency  of the  second lig h t source.

2 .2 .2 .1  Elimination of False Signal

Two of the  main problems in photoreflectance measurem ent is to 

eliminate a) d iffuse  reflected  lig h t from the  modulation source and b) 

photoluminecence p roduced by  th e  in tense  pump lig h t. Both of them may 

reach  the  de tec to r and  be picked up  by  the  lock-in  am plifier.

The d iffuse  reflec ted  lig h t depends qu ite  s tro n g ly  on the  quality  of 

the  sample su rface  and the  optical geom etry. We found th a t by normal 

incident of th e  pump beam, the  d iffuse  reflectance signal can be 

reduced  to  a  minimum. The b e st way to eliminate it is u sing  a suitable 

filte r  to p rev en t the  pump ligh t from reach ing  to  d e tec to r. For 6328A 

He-Ne line, a  7000A long p ass  f ilte r  (RG700 made by  Melles Griot) was
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u sed . For 4579A and  5145A of Ar* lines, e ith e r  4900 long pass o r 5900 

long pass f ilte r  was u sed . Usually these  filte rs  cu t the  diffuse ligh t to
-3

10 However, because of lack of good quality  low pass and band

p ass  filte r , th is  method can not employed to observe  those fea tu res

above the  pump e n e rg y . In o rd e r to ge t the  sp ec tra  above the  pump

e n erg y , a p ro p e r choice of f ilte r  is qu ite  d ifficu lt and hence o th e r

m ethods m ust be applied . T h ere  a re  also more fundam ental reasons to 

c a r r ie r  out the  experim ent w ithout u sing  a f il te r . For instance ,in  the  

pump w avelength dependence experim ent o r  in resonan t PR experim ent, 

the  pump beam is from a monochromator and  its  energ y  m ust s tep  con­

tinuously  into the  reg ion  of PR sp ec tra . Then no f ilte r  can be used  in 

th is  case.

The spurious signal from photoluminecence has been found small fo r 

bulk m aterial a t 300K o r nlpl s tru c tu re s , excep t a t v e ry  low tem pera­

tu re .  B ut i t  was g rea tly  enhanced fo r quantum  well and  superla ttice  

because of th e  confinement of e lectron  and  hole Inside the  same well. 

For example, the  photoluminecence signal from a typ ical PR experim ent 

on a good quality  QW a t 77°K may be as 2-20 times b ig g er than  the  PR 

signal and  causes the  major problem in th e  PR experim ent. Since the  

photoluminecence signal is  a t th e  same region as  PR sp ec tra  o r  lower, 

no suitable f il te r  can be used  to  p rev en t it from reach ing  the  d e tec to r.



A num ber of a lte rn a te  m ethods have been used  to  enhance the  

rejection  of the false signal (bo th  d iffuse reflection and  photolumine­

cence) . They are  d iscussed  below:

1. A p ro p er choice of the  pumping power is essen tially  Im portant.

The false signal (both  d iffuse  reflection and photolum inecence) is

proportional to the pump pow er. However the  photoreflectance

signal varies approxim ately proportional to the  logarithmic scale

of the  pump pow er. The use of more powerful ligh t source as

the  pump beam does not Increase significantly  the  signal to noise

ra tio , however it does increase  the  long term  d r if t  because the

Instability  of the  pump lig h t source and th e  experim ental envi-
2

ronm ent. We found a pow er den sity  being about lOmW/cm Is 

sufficient fo r most of the  samples.

2. A second spherical lens was used  to  focus the  reflec ted  ligh t 

from the  sample su rface  down to  a  v e ry  small spot (about 0.5mm 

in  diam eter ) .  The a p e r tu re  of th is  lens Is ad justed  to collect 

all the  reflec ted  lig h t b u t noth ing  more. An adjustab le pin hole 

collimator was place a t th e  focal po in t and  was ad justed  so th a t 

the  ra tio  of PR signal to  spurious signal was optimized. T his 

method is equivalent to  re s tra in  both  the  solid angle and the  

area  of in te re s t on the  sample su rface . I t is  found th a t a good
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optical adjustm ent can reduce  the  false signal to a fac to r of 10 

to 100.

A beam sp litte r was placed in the  p a th  of the  pumping beam. A 

second detec to r was u sed  to m onitor the  pumping pow er. The 

signal from both d e tec to rs  a re  th an  sen t to a d ifference amplifi­

e r , and  the gain of the  second one is ad justed  so to cancel the 

spurious signal. This method is b e tte r  than  using  a dc o ffset at 

the  end  of the lock-in . Since th e  false signal is p roportional to 

the  pum ping power , th is  k ind  of auto o ffset will eliminate most 

of the  d rif t from the  instab ility  of the  pump beam. However the 

price  of th is  method is in troducing  additional noise from the sec ­

ond d e tec to r. And also it is no t a good p ractice  in  experim ental 

physics  to e x tra c t weak s tru c tu re s  from a big background  by 

sub trac tio n . T herefore  th is  method is only used  w ith combination 

of o th e r methods to eliminate th e  small residual background . 

In s tead  of using the  lig h t from a monochromator as  a p robe 

beam, a  tunable dye la se r  is u sed . L aser beam is much less d iv ­

e rg e n t and makes the  Job of elim inating the  false signal much 

easie r. This method was sugg ested  by  O. J .  G lenbocki.
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2.2.2.2 A New Servo Mechanism

It should be emphasized here that the servo mechanism we discussed 

in ER 4** not very suitable for PR.

Let us first discuss why the servo mechanism used ER does net

work well for PR. The output of the photodetector contains a dc part

Vdc * I0 (*)R(X)A(X)K(X) (77)

and an ac output

Vac = [I0(X)AR(X)A(X)Wre#]*K(X) (78)

where IQ(X) is the Incident light intensity, A(X) is the detector wavel­

ength response (Including filter response If It is used), V is theres
residual part of the spurious signal, which usually is Independent of 

the probe beam wavelength. K(X) is the adjustable amplification con­

trolled by the servo mechanism so that to keep V^c constant. Let us 

take V . = unity , thenaC

K(X) * 1/1 (X)R(X)A(X) (79)o

The ac component to the lock-in amplifier is then:

V = AR(X)/R(X) ♦ V /I (X)R(X)A(X) (80)
a c  res o
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The first term AR/R is the normal PR signal. The second term is a false 

signal which is inversely proportional to the total response of the sys­

tem (1. e. the structure at *he lamp, the blaze of the monochromator 

and the wavelength dependence of the detector). This second term dis­

torts the PR signal. Since this term involves structures dependent on 

the wavelength, it makes the interpretation more difficult than the 

unnormalized one. Showing in Figure 15 is a 300K PR spectrum from a 

multiple quantum well using the above servo mechanism. The specific 

structures labeled A to E are corresponding to the second term in the 

above equation. They are not real structures from the sample.

Because of the reason discussed above, most of the PR spectrum in 

the literature are unnormalized. Showing in Figure 16 is one of the 

unnormalized spectra. Compare to the proper normalized one (Fig­

ure 17), feature labeled D was greatly distorted. Any lineshape analy­

sis based on this kind of spectra is unreliable. In order to fit experi­

mental result to theory, normalized spectra is essentially important. An 

on line division does not solve this problem since it is based on the 

same mathematics formulation. One way to get normalized PR spectra is 

that first V is measured than V . is record separately, finally divid-AC OC

ed V -V by V . . The choice of V is quite critical and needs ac res '  dc res
experience. Showing in Figure 18 is the spectra obtained by this way.



53

The best choice of V was made by reducing the false signal A, B, Eres
to minimum.

We have de*"* loped a new servo mechanism that dose not have the 

above problem (see Figure 14). A variable density filter (NDF) con­

nected to a servo motor was placed in the optical path between the 

probe monochromator and the sample. The dc signal from the detector 

was used as input to the servo motor which varied the NDF to keep IqR 

constant. The amplification factor K(X) is always constant and so is 

the residual signal V^^KCX). Thus it can be removed easily. Figure 17 

shows the spectrum obtained by this new servo mechanism.

This normalization procedure has several considerable advantages 

over previously used methods [40] [61] [62]. It can be easily adopted 

to any kind of detector, such as Si, Ge photodiode, PbS detector or 

even PMT. The modern Si detector has better or almost the same noise 

to signal ratio compared to the more expensive PMT. However the lin­

earity of Si detector is not as good as PMT. By keep IqR constant, we 

can set the Si detector to the best biases condition and avoid any pos­

sible non-linearity or saturation. Since R does not vary much in the 

energy region of interesting, this servo mechanism essentially keeps Iq 

constant. There are more fundamental reasons to use this new servo 

mechanism 1. e .,  this normalization procedure does not change operat-
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Figure 15: Photorelectance spectrum from GsAs/GaAlAs quan­
tum well normalized by conventional servo
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Figure 16: Photorolactanco spoctrum from GaAs/GaAlAs quan 
turn wall unnormallzad
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Flgura 17: Photoralectanca spectrum from GaAs/GaAlAs quan­
tum wall normalized by variable daslty f 11 tar
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Figure 18: Photoreiectance spectrum from GsAs/GsAlAS quan­
tum well normalized by numerical division
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lng condition of the system as well as the detector. Some of the physi­

cal system is very sensitive to the total light intensity (i.e . nipi struc­

ture or exciton features) . To avoid r self-modulation by the probe 

beam, keeping the probe beam intensity constant is intrinsically impor­

tant.

2 .2 .2 .3  Data Acquisition.

The whole system was controlled by an IBM PC/XT with IEEE inter- 

facing. The program accomplishes following functions:

1. Automatic phase setting to maximum ac output.

2. Single or multiple scan in a preset pattern either equally spacing

in the energy scale or putting emphasis on the region where

same sharp feature appears thus making it possible to save run­

ning time without losing resolution.

3. For each step performs a servo cycle first, then wait a short

period to let lock-in stable. This will eliminate quite a lot noise.

We found that most of the noise in PR comes from the vibration

of the monochromator grating Induced by the step motor driving. 

(A proper choice of the chopping frequency to avoid resonant at 

the Fourier components of the step function is also important.)

4. Check lock-in status (i. e. overload or unlocking), collect data,

plot on CRT and store in a floppy disk for latter analysis.
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5. Interrupt routines enable users to pause , continue, discard 

some portion of the scan and set different scan pattern during 

the experiment

2.3 Experimental Results

2.3.1 Photoreflectance: GaAs/AlAs Superlattices

2 .3 .1 .1  Fit to Electromodulation Theory

The lineshape of PR spectra in QW and SL is one of the fundamental 

questions in photoreflectance experiments. Is it first derivative or 

third derivative spectrum? We have shown in the section 2.1.2 that as 

long as electron and hole pairs can accelerate and gain energy from the 

electric field, the change of dielectric function is third derivative 

like(see Figure 19a). In QW .however, electric field not only acceler­

ates charged particles but also shifts the subband energy (so called 

quantized stark effect [63]). Thus energy gap modulation (first deriv­

ative) may also play a role in photoreflectance. This was first sug­

gested by O. J. Glembockl[64]. They have fitted the low temperature 

PR spectra with the first derivative lineshape and compared the result 

to the photoluminescence spectra. The lineshape of 6c/6Eg is shown in 

Figure 19b. However, the room temperature PR spectra of their group
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[14] [65] and this experiment revealed a strong difference from the 

lineshape of 6c/6Eg. In this section We demonstrate that the photore­

flectance r~ectra of several GaAs/AlAs SLs can be fit by the Aspnes 

third-derivative functional form (TDFF) lineshape expression.

We have investigated PR from three <100> GaAs/AlAs SLs grown by 

Molecular Beam Epitaxy (MBE) with nominal quantum well/ barrier layer

widths (W) of 113A (sample T0023), 85A (T0022) and 57A (T0019).

These undoped SLs have a total thickness of about 1 micron and were

grown on a 1 micron thick undoped GaAs buffer layer on top of a
18 -3GaAs:Si (1x10 cm ) substrate. The measurements were carried out at

300K and 77K using as the pump beam the 6328A line of a He-Ne laser.

Shown in Figure 20a and Figure 20b are the PR spectra (dotted

line) from sample T0023 and 300K and 77K, respectively, using 6328A as
2

the pump beam with a power density of several mW/cm . The solid line 

is a least square fit of the data to the Aspnes TDFF expression:

P
AR/R = Re{ I [C exp(10 ) (E-E ♦ir,)""1 ,}  (81)

J J 8>i J
J=1

where p is the number of spectral features in the region to be fit, Cj,

8 , E and T. are the amplitude, phase, energy and broadening 
J 8»J l
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Figure 20: Photoreflectance spectra of GaAs/AlAs superlattic­
es
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param eter, respec tive ly  of th e  J**1 s tru c tu re  while denotes the  type 

of critical po in t. The m easurem ent conditions w ere such th a t the 

lin r-h ap es  w ere independen t of the  in ten s ity  of the  pumping beam, 1. e . 

low field limit.

Table 1: E n erg ies , broadening  param eters from the  
the  su b s tra te  of a  GaAs/AlAs su p erla ttice

b u ffe r and

Spectral
fea tu re

Temp
(K)

Energy
(eV)

Broadening
param eter

(meV)

Relative
amplitude

E01

300 1.422±0.0002 9H 1

77 1.50310.0002 5 l l 1

E02

300 1.43310.0002 l l l l 0.29

77 1.51610.0002 1011 0.42

i

The fea tu re  labelled in F igure 20 co rresponds to  the  d irec t band 

gap of GaAs. T h is fea tu re  ap p ea rs  to  o rig inate  from the  GaAs su b s ­

tra te  [12] [14], even though it is about 2 m icrons from the  su rface . 

The second s tru c tu re , denoted is ch arac te ris tic  of the  samples we
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have stud ied  and co rresponds to  th e  d irec t band gap of GaAlAs with 

x -0 .02  [66]. This peak o rig inates  in th e  "GaAs" b u ffer lay er. I t is 

due to the  fac t th a t d u rin g  the  grow th of the  "GaAs" portions of the 

sample ( i .e . b u ffe r lay ers  and  quantum  wells) a small amount of A1 has 

escaped around  the  sh u tte r  of the  A1 effusion cell. T hu s, in ou r caee 

the  quantum  wells a re , s tr ic tly  speak ing , not GaAs b u t actually  GaAlAs 

(x~0.02). The en erg ies , b roadening  param eters and am plitudes of Eq  ̂

and  Eq ji obtained from the  fit of TDFF using  m=3.0, a t 300°K and  77°K 

averaged  over the th ree  samples a re  lis ted  in Table 1. The amplitude 

of Eqj has a rb itra r ily  been taken  to be u n ity .

The doublet s tru c tu re  in th e  en e rg y  range  1.45-1.60 eV, labelled 

H H I-C I and L H I-C I, a re  the  n  * 1 heavy-hole and llgh t-ho le  to  con­

duction  s ta te  tran s itio n s , resp ec tiv e ly . We did not see any o th e r fea ­

tu re s-fro m  th ese  su p erla ttices . Note th a t the  fit to TDFF is v e ry  good. 

T h is  is  the  f i r s t  f it of electrom odulation sp ec tra  from su p erla ttices  o r

quantum  wells to  the  A spnes TDFF lineshape. L isted in Table 2 a re  the
•

en erg ies , b roadening  param eters (I1) and  am plitudes (the  am plitude of 

H H I-C I is taken  to be un ity ) of H H I-CI and  LH I-C I fo r all th re e  sam­

p les as determ ined from TDFF fo r m=3.0. Also lis ted  a re  the  values of 

W from the  grow th conditions. In  o rd e r to  show th a t th ird  deriv a tiv e  

function  does fit the  experim ental data  b e s t, we have also perform ed
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Table 2: Comparison of experim ent re su lts  and theoretical cal
culation of GaAs/AlAs superla tticee

Spectral 
Sample fea tu re

Temp
(K)

E nergy  (eV) B roadening 
param eter

experim ent th eo ry  (meV)

rela tive
amplitude

H H I-CI 300 1 .480±0.0002 1.481 9.311 1
77 1.56810.0002 1.564 9 .4 H 1

T0023
HH I-CI 300 1.49810.0002 1.502 8.411 0.52

77 1.58410.0002 1.585 10.011 0.52

H H I-CI 300 1.51510.0002 1.511 11.411 1
77 1.60010.0002 1.594 10.411 1

T0022
HHI-CI 300 1.54410.0002 1.544 13.111 0.42

77 1.62810.0002 1.627 13.111 0.52

H H I-CI 300 1.62910.0005 1.611 20.011 1
77 1.69810.0005 1.696 22.011 1

T0019
H H I-CI 300 1.55510.0005 1.679 45.011 0.67

77 1.74410.0005 1.763 26.011 0.67

L___________________________________________________________________________________________________J

2
leas t sq u are  fit of the data  to Eq(81) fo r d iffe ren t m. The x fo r d if­

fe re n t m is listed  in Table 3. We have also le t m in Eq(81) variab le, 

th e  b e s t fit was found to  be fo r m=3.06.

We have perform ed theoretical calculations fo r the energ ies of these  

levels based on the  Schulm an-Chang model, u sing  the  param eters, i . e . ,
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Table 3: Comparison of f it  with d iffe ren t o rd e r of derivatives

m „2

1 18.6
2 6.2
3 2.32
3.06 2.30

effective masses and band o ffse ts  (Q) p roposed  by  Miller e t al. [67]. 

We have used  param eters suggested  by o th e r w orkers [68] and  find very  

little  d ifference fo r the  n=l levels. For th e  en erg y  gap of th e  quantum  

wells we have used the  experim ental value of listed  in Table 1. To 

obtain  good agreem ent with experim ent, values of W d iffe ren t from the  

grow th condition had  to be employed. The theoretical en erg y  values 

and  corresponding  w idths also a re  lis ted  In Table 2.

In conclusion, PR from severa l GaAs/AlAs SL has been m easured a t 

300K and 77K. We have dem onstrated fo r th e  f ir s t  time th a t electrom o­

dulation sp ec tra  from SL can be fit by  th e  A spnes TDFF lineshape th u s  

enabling  us to  accura te ly  determ ine en erg ies , broadening param eters, 

phases and am plitudes.
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2.3.1.2 Pump Wavelength Dependence (Depth Profiling)

In th is  section we re p o rt w avelength dependence of the  PR on the 

same se t of GaAs/AlAs su p erla ttices  (SL) mention in the  previous sec­

tion.

The m easurem ents were ca rried  out a t 300K and  77K using  as the 

pump beam ligh t from a second monochromator w ith a Xenon a rc  source. 

M easurements were carried  out in the  range 9000A - 2700A. The pum p­

ing beam was chopped a t about 100 Hz.

P lotted in F igure 21a, F igure 21b and F igure 21c a re  the  PR spec tra  

of sample T0023 a t 300°K using  pump w avelengths (from the  second 

monochromator) of 7000A, 5000A and  3000A, respec tive ly . Measurements

have also been made a t a se ries  of w avelengths ran g in g  from 7000 -
2

2700A. The pump power den sity  was typically  severa l m icrowatts/cm  . 

The to ta l pumping power was k ep t constan t by means of a variable n eu ­

tra l  d en sity  filte r , (the  same kind  of filte r  as d iscussed  in  section 

2 .2 .2 .2 , b u t ad justed  m anually .) T he do tted  line is the  experim ental 

data  while the  solid line is the  le as t-sq u a re s  f it to  TDFF Eq(81). The 

obtained values of E ^ .  H H I-CI and LH I-CI a re  indicated . T here  

is v e ry  little  variation in these  quan tities  as a function of pump wavel­

e n g th  (fo r 7000A the e r ro r  b a rs  on H H I-CI and  LH I-C I a re  ±0.003 eV 

since the  s tru c tu re  is  w eak). T his Indicates th a t the  wells a re  quite  

uniform  as a  function of dep th .
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Between 7000A-5000A, th e  signals from the  QW, 1. e . H H I-CI and 

L H I-C I, increase bu t the  signals from th e  b u ffe r ( E ^ )  the  subs* 

tra te  (Eq^) decrease . T his is due to  th e  decrease in the penetra tion  

dep th  of the  puirp  beam. Note th a t th e  ra tio  of HH1-C1/LH1/C1 

rem ains constan t, which shows th a t th ese  two signals have the same 

w avelength dependence and th ey  a re  coming from the  same d ep th  of the  

sample. However E ^  decreases more rap id ly  than  which shows

the  form er one is coming from somewhere deeper in the  m aterial.

Between 5000A and 3000A th e re  is a  dram atic change in the  spec­

trum , i .e .  an  inversion  of the  phases of Eq^, H H I-C I and LH I-C I (b u t 

not Eg^) • In  fact a t about 4000A, which is the  energ y  of the  AlAs 

b a rr ie r  layers  [66], the  e n tire  PR signal is approxim ately zero . T his is 

the  f i r s t  observation  of a phase inversion  in PR on a  given sample and 

ind icates th a t th e re  is more than  one mechanism responsib le  fo r the 

effect in  su p erla ttices , in c o n tra s t to  bu lk  m aterial. [69] T hese re su lts  

su g g es t th a t  the  mechanism fo r modulation of the  e lec tric  field  is 

th ro u g h  lig h t-induced  charge  injection, in which the  n a tu re  of th e  field 

modulation (i. e . increasing  o r decreasing  field) depends on w hether 

th e  Injection is below o r above the  wells.

I t  is also in te re s tin g  th a t a t pump w avelength 3000A, th e  fea tu res  

Eq2  and  Eqj can still be o b serv ed , even  th ey  a re  l|im and  2ym from the
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su rface . In  fac t even increases when the  pumping photon en erg y  

is g re a te r  th an  the  the  en erg y  gap of AlAs b a r r ie r  lay e rs . Note th a t 

the  penetra tion  d ep th  of 3000A pump beam is only about 40° \ .  T his 

re su lt  ind icates th a t the  modulation a t the  b u ffe r region is th ro u g h  the  

d iffusing  of photoinjected c a r r ie rs . When the  photoinjection is above 

the  wells, c a r r ie r  a re  more mobile and  hence it is eas ie r for them to 

reach  the  b u ffe r lay er. T hus the  PR signal increases.

In  conclusion we have stud ied  the  dependence of the  PR signal on 

th e  pump w avelength from GaAs/AlAs su p erla ttices . We have demon­

s tra te d  th a t by using  d iffe ren t pump w avelengths, it is possible a) to 

accen tuate  certa in  sp ec tra l fe a tu re s , (b) perform  n o n -d es tru c tiv e  dep th  

p ro filing . The w avelength dependence of the  PR has also revealed  th a t 

th e re  is more than  one mechanism responsib le  fo r the  PR effect in SLs, 

which depends on w hether the  injection is  below o r above the  walls.

2.3.2 Photoreflectance: GaAlAs/GaAs Multiple Quantum Wells

2.3.2.1 Topographical Variations

In th is  section we rep o rt the  use of room tem peratu re  PR to ev alu ­

a te  th e  topographical varia tions in b a r r ie r  h e igh t (alloy composition) 

and  quantum  well th ickness (W) across the  su rface  of a  GaAs/GaAlAs 

(x -0 .24 ) multiple quantum  well (MQW) sample w ith a  spatial reso lu tion  of
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about 100 m icrons [65]. Even a t 300°K, It is possible to observe sharp  

s tru c tu re  from all n=5 confined quantum  levels, as well as a signal 

re la ted  to the  GaAlAs b a rr ie r  lay ers  [15]. The la tte r  observation 

allows us to  d lffem ntia te  between the  e ffec ts  of b a rr ie r  heigh t and W on 

the  energy  of the  quantum  tran s itio n s . I t is possible to  valuate v a ria ­

tions in b a r r ie r  he igh t to w ithin severa l millivolts and W to w ithin 2A. 

Since the penetration  dep th  of the  lig h t is such  th a t we a re  la terally  

sampling a num ber of quantum  wells in th is  experim ent, evaluations of 

b a rr ie r  he igh ts  and W should be considered  to  re p re se n t averaged  

q u an tities. This method is con tac tless, (and  hence n o n -d es tru c tiv e ), 

can be employed conveniently a t room tem peratu re  and the  spectrum  has 

a w ell-defined line shape Eq(81). T hese la t te r  two re su lts  gives th is  

technique a  significant advantage o v er o th e r optical characterization  

methods such  as photolum inescence (PL) and photolum inescence excita­

tion spectroscopy  (PLE) [67].

The MQW sample used  in o u r experim ent was grown by  MBE a t the  

Naval R esearch L aboratory . It consists  of about 1 micron of a lte rn a tin g  

GaAs/GaAlAs layers  on top of a GaAs s u b s tra te . From the  grow th con­

ditions the  nominal th icknesses of the  quantum  wells and b a rr ie rs  were 

220A and 150A, respective ly . The sample was mounted on an X-Y stage 

and the  p robe beam was focussed to  a  spo t size of about 100 microns
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u sing  a h igh quality  camera lens [70]. The pump beam, from a 1 mW

He-Ne la se r, was defocussed  to  cover an area  somewhat la rg e r than  the

region to be scanned. The pump beam power den sity  ws~ only about 
2

0 .3  mW/cm . At th is  low power level the sp ec tra  w ere Independent of 

power den sity . Photoreflectance data  were tak en  on 16 spots in a 

sq u are  a rra y  on the  sample covering an area  of about 1 cm x 1 cm. 

The m odulating frequency  was 220 Hs.

P lotted in F igure 22 a re  fou r PR sp ec tra  across the  diagonal of the 

sample in the  en erg y  range  1.4 -1 .8  eV (d o tted  lin e s ). We have iden­

tified  the  orig in  of the  peaks by  arrow s a t the  top of the  fig u re . The 

peak a t about 1.42 eV corresponds to the  d irec t gap of GaAs ( E ^ )  and 

orig inates from the  GaAs su b s tra te . The fea tu re s  between 1.43 eV and 

1.68 eV a re  the  allowed (An=0) heavy hole to conduction ( h ^ , . . .h ^ )  and 

lig h t hole to  conduction ( t j , . . . * ^ )  tran s itio n s , [15] w here the su b sc rip t 

ind icates the  quantum  num ber. We do not observe  the  tran sitio n . 

The sp ec tra l peak in the  range  1.7 -1 .8  eV labeled A is re la ted  to  the 

d irec t gap of the  GaAlAs b a r r ie r  lay er. The observation  of th is  fea tu re  

is an im portant a spec t of electrom odulation sp ec tra  since it enables the  

Investigato r to determ ine confinem ent en erg ies .

T he solid lines In F igure 22 a re  a  le as t-sq u a re s  f it of the  e x p e ri­

mental da ta  to  the  Eq (81) fo r electrom odulation sp ec tra . Shown in
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R u i f  22: Photoraflactanca ip a ctn  from GaAa/Ga  ̂ 7 5 ^  2 4 ^*
multiple quantum wall. dottad Unas ara tha 
experimental rasults Tha aoUd linas ara a laast 
aquara fit to Eq(81).
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Figure 23 is an expend version  of F igure 22. Where th e  dotted  line is 

then  experim ental da ta , then  dashed  line is a fit to  the  TDFF using  

only heavy hole t r a n s i t io n s fh ^ h j)  whil~ the  solid line includes the  ligh t 

hole tran sitio n s  (1^, 1^). The signal from the  b a r r ie r  layers  appears  to 

exh ib it Franz-K eldysh oscillations and  hence could not be fit by  TDFF. 

H ow ever,it is still possible to  obtain  accura te  values for A from a 

th ree -p o in t f it to  the  spectrum  [6]. Because of th e  quantum  e ffec ts , 

the  fea tu re  A occurs a t an en erg y  h ig h er than  GaAlAs b a rr ie r  la y e rs , 

the  en erg y  d ifference is a function of the  well and the  b a rr ie r  param e­

te r .  In  o u r case, the  energ y  of A is 30meV above the  GaAlAS b a rr ie r . 

From the  re la tion  = EQ(GaAs) + 1.247x, valid fo r 0< x  <0.45

[15], we can determ ine the  value of th e  aluminum concentration  to  be 

about 24%.

Listed in  Table 4 a re  the  experim entally  determ ined values of E^ j 

and Tj fo r the  various quantum  tran s itio n s  as well as A a t the  four d if­

fe ren t spo ts on the  sample across  th e  body diagonal. Note th a t th e re  

is a system atic variation in th e  en erg y  of the  quantum  tran sitio n s  as 

well as A in going across the  sample. We shall show below th a t the  

changes in  ̂ a re  due to varia tions in W as well as b a rr ie r  h e ig h t. 

At all po in ts E^^ is found to  be 1.415±0.002 eV with Ts 6 .7  meV. The 

values of r=6-7 meV fo r the h^, tran sitio n s  is indicative of the  high
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GaAs/Ga0 76A1q 24As multiple quantum  well
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quality  of th is  m aterial. Note th a t th e re  is a  system atic broadening of 

bo th  th e  heavy and  ligh t hole tran s itio n s  as a  function of quantum  

num ber. Glembocki e t al. M ve recen tly  rep o rted  the  tem peratu re  

dependence of T fo r h^ fo r a similar MQW [71].

Also listed  in Table 4 a re  the  th eo re tica l values of the  energ ies of 

th e  various quantum  transitions (in  p a ren th es is ) using  the  model of 

B asta rd  (see section of 1 .1 .2 ) , band o ffse t(Q ) param eters and well 

w idth W indicated in the  tab le . The confinem ent energ ies fo r the  e lec­

tro n s  and  holes a re  determ ined by Q and  th e  experim entally m easured 

■ The values of W lis ted  in Table 4 a re  in good agreem ent w ith th a t 

deduced  from grow th conditions, i .e .  220A. We find th a t th e re  is a 

varia tion  not only In A b u t also in  W in  going from position A to  D.

The need fo r a  detailed lineshape fit also is clearly  ev iden t in 

determ ining varia tions in W, which a re  only about 2 monolayers in going 

from A to D. P lotted in F igure 24 is th e  experim ental da ta  (do tted  

lines) fo r the  h^ , £ ,, and h,. quantum  tran sitio n s  for position D.

T h is sp ec tra  has f ir s t  been fit by u sing  TDFF (solid line) and  values of

E ., r ,0  have been evaluated . The b e s t agreem ent between the  • lJ J J
experim ental and theoretical values of  ̂ is obtained using  W=210A

(see  Table 4 ). In o rd e r to  evaluate th e  e ffec ts  of a change In W th e

following p rocedure  has been u sed . We f i r s t  calculate E .*** fo rSiJ
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Table 4: Energy and broadening  param eters for various q u an ­
tum transition  a t fou r position alone the  body dieg- 
nal

Also lis ted  a re  the en erg y  value of th e  fea tu re  A and its  b ro a ­
dening param eters. In pa ren th eses  a re  the  theoretical value of 
the  MQW tran sitio n su sin g  (A-30meV) as the  b a rr ie r  he igh t, and 
the  w idths W indicated at the  bottom of th e  table.

position 1 | position 2 | position 3 | position 4

e  r e  r E r e r
(meV) (meV) (meV) (meV)

HI 142611 5.811 142611 6 .5 H 14261 1 6.911 142611 6.411
(1426) (1426) (1426) (1426)

LI 1430S5 5.612 143015 6.312 14291 5 6.312 143115 6.412
(1430) (1430) (1430) (1430)

H2 14S5±2 9.111 145612 9.111 145612 9.111 145612 9.111
(1458) (1459) (1459) (1460)

L2 147415 12.013 147515 12.413 147315 10.713 147515 9.313
(1473) (1473) (1474) (1475)

H3 150613 10.612 151013 11.412 151113 10.312 151513 11.712
(1508) (1510) (1511) (1512)

L3 153715 4915 154015 4215 154115 2515 154415 3515
(1540) (1542) (1543) (1546)

H4 157213 12.613 157413 13.513 157713 12.213 158013 13.113
(1573) (1576) (1578) (1581)

L4 161815 3915 162615 4215 162815 2515 163315 3515
(1620) (1625) (1626) (1632)

H5 164115 13.714 165515 15.614 165315 15.214 165815 16.814
(1643) (1648) (1650) (1656)

A 170611 6.911 171411 7.111 172311 7.111 173211 6.111

w 214A 211A 211A 210 A

i j
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W=208A and 212A. Using the  experim entally  determ ined values of , 0̂

and Cj (as well as A) b u t quantum  tran sitio n  energ ies equal to

E„ i(W) =E«r i*X P tfE«, |lh  <W> ‘ E.  I*** ( 210A>1 employ TDFF function K J  liJ I J  fiJ
to  generate  the  sp ec tra  fo r th e  212A (dashed  line) and 208A (do t- 

dashed  line) cases shown in the  fig u re . I t is c lear th a t variations cor­

respond ing  to changes in W of about 2A can be determ ined. We would 

like to emphasize the  fact th a t even though  the relation  between W and

E . is somewhat model and param eter dependent ( l .e  values of masses 
8«J

and Q [67] [72]) the  varia tions in E . w ith W is rela tively  independent
f

of model param eters used .

In the  analysis d iscussed  in th e  sections we have considered only 

allowed tran s itio n s  in fittin g  the  da ta  to  TDFF fu n c tion ). The addition 

of fo rb idden  fea tu res  would p robab ly  fu r th e r  improve the  f it. For 

example th e re  is a forbidden transition  (HH2-C1) a t about 1.44 eV 

which would make the  agreem ent betw een experim ent and fit even b e tte r  

in th is  region (see Figure 23) The addition of such weak forb idden 

fea tu res  is expected  to have v e ry  little  e ffec t on the  param eters of the  

allowed tran s itio n s . In the  n ex t section we will d iscuss forbidden t r a n ­

sitions .

In  conclusion, we have used  room tem peratu re  PR to  investigate  the  

topographical varia tions in b a rr ie r  heigh t (and  hence confinement e n e r-
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ed  spectrum .

gy) and quantum  well w idth W with a spatial reso lu tion  of about 100
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m icrons in a GaAs/GaAlAs MQW. The sp ec tra  exh ib its  fe a tu re s  from all 

confined quantum  levels as well as from the  GaAlAs b a r r ie r  lay ers . 

T his la tte r  fea t” ~e makes it possible to  d ifferen tia te  the  e ffect of 

changes in b a rr ie r  he igh t and  W on the  quantum  levels. By employing a 

detailed  lineshape fit (A spnea th ird -d e riv a tiv e  functional form) v a ria ­

tions in W as small as one monolayer can clearly  be detec ted .

2 .3 .2 .2  Forbidden T ransitions

In  th is  section we rep o rt a room tem peratu re  PR s tu d y  of a GaAs/ 

GaAlAs multiple quantum  well (MQW) in which, fo r the  f ir s t  time, fo r­

b idden tran sitio n s  have been c learly  observed  a t 300K. We have 

de tec ted  th ree  symmetry fo rb idden  fea tu res  from the  MQW in addition to 

all th e  allowed quantum  tra n s itio n s . Also, th e re  a re  fea tu res  In the  

sp ec tra  which may be due to  tran s itio n s  involving unconfined s ta te s  

[30]. Glembockl e t al. have recen tly  rep o rted  the  tem perature  dep en ­

dence of PR in G aA s/G a^^A l^A s multiple quantum  wells [71]. A lthough 

th ey  clearly  observe forb idden  fea tu re s  a t low tem peratu res (149K and 

125K) th e ir  room tem perature  sp ec tra  reveals only two v e ry  weak s tru c ­

tu re s  which correspond to the  forb idden  tran s itio n s .

The sample used in th is  s tu d y  was a 100A/150A G sA s/G a^^A l^A s 

MQW (x  ~ 0 .17) grown by  m olecular beam ep itaxy  a t  the  H ughes 

R esearch  Laboratory . All m easurem ents w ere made in the  "low-field" 

limit, i . e . ,  the  lineshape was independent of pump power den sity .
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Shown by  the  dotted  line of F igure 25 is the  experim ental PR sp ec­

tr a .  The solid line in F igure 25 shows a lea s t-sq u a re s  fit of Eq(81) to 

tM  experim ental data o rig inating  from the  MQW (we have not fit Eq  ̂

and  will re tu rn  to  th is  point la te r)  fo r p * 10 ( i . e . ,  ten  sp ec tra l fea ­

tu re s )  . The energ ies of the  various fea tu res  are  given by arrow s a t 

the  top of the  fig u re . The s tru c tu re  a t 1.415±0.002 eV c o rre ­

sponds to the  lowest d irec t band of GaAs and orig inates from the  GaAs 

su b s tra te . Similar observations of E^^ have been rep o rted  by  o th e r 

au th o rs  [12] [15] [74] on su p erla ttice  o r quantum  well system s.

T he s tru c tu re  B is re la ted  to the  d irec t band gap of the GaAlAs 

b a r r ie r  lay e rs . However, because of quantum  effects it  occurs a t a 

somewhat h ig h e r en erg y , the  en erg y  d ifference being a  function of the  

well and  b a r r ie r  param eters. T he observation  of th is  fea tu re  in e lec­

trom odulation [13] [15] [74] is im portant since it. is an ind irec t m easure 

of th e  b a rr ie r  he igh t. The notation nmH o r nmL for severa l of the  

peaks re p re se n ts  transitions betw een the  n**1 conduction subband and 

th e  m**1 valence subband  of heavy hole (H) o r  ligh t hole (L) c h a rac te r. 

Allowed tran s itio n s  have m=n while fo r symmetry forbidden tran sitio n s  

m#n. The fea tu res  A,B and C will be d iscussed  in more detail below. 

The energ ies  and  broadening param eters of the  various fea tu res  from 

th e  MQW are  lis ted  in Table 5 We find th a t the  EQ1 s tru c tu re  could not
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be fit to  TDFF, since it apparen tly  ex h ib its  F ranz-K eldysh oscillations. 

However, an accurate value fo r the  e n e rg y  of can be obtained from 

a th re e -p o in t fit {6].
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In o rd e r to  dem onstrate th a t th e  fo rb idden  fea tu re s  12H, 13H and  

21L a re  indeed rea l we have attem pted  a fit to  the  experim ental data  by 

excluding th ese  tran s itio n s  ( i . e . ,  p= 8). T his is shown by  the  dashed  

line in F igure 25. T he fit which includes the  forb idden  tran sitio n s  (sol­

id line) is c learly  b e tte r  th an  th e  dashed  line , p a rticu la rly  fo r the 

resolved peaks fo r 12H and  13H. By adding  21L, which is not clearly  

reso lved  from 22H, we have su bstan tia lly  improved the  fit to the ampli­

tude in the  reg ion  of the  allowed fea tu res  22H and  22L. T his re su lt 

dem onstrates th a t  th e re  a re  fea tu res  a t th e  positions of these  th ree  fo r­

b idden tran s itio n s .

In o rd e r to  v e rify  the  o rig ins of th e  s tru c tu re s  from the  quantum  

wells in  F igure 25, we have perform ed a  calculation based  on the  two- 

band tig h t-b in d in g  model [75]. We have employed th e  en erg y  of 

fo r th e  en erg y  gap of the  quantum  well la y e rs . The s tru c tu re  B can ­

not be in te rp re te d  as  the  en erg y  gap of the  b a r r ie r  la y e rs , how ever, 

calculations show th a t the  b a rr ie r  gap is not d irec tly  observab le  as an 

optical tran s itio n . The quantum  effect due to  the  fin ite  lay er w idths 

ra ises  the  en erg y  of the  lowest allowed tran sitio n  above the  b a rr ie r  

tran sitio n  to  sligh tly  h igher th an  the  b a r r ie r  band gap. We find the  

35H tran s itio n  is  th e  f ir s t  unconfined to  unconfined fea tu re . The 

tig h t-b in d in g  model indicates it should be s tro n g  and  easily  observab le .
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A good fit is achieved fo r the  various tran s itio n s  (Including B) using  a 

b a rr ie r  height of 1.634 eV (x-0 .17) and  a well w idth (W) of 99.1 A (35 

layers  of 2.83A p e r  la y e r ) . This value of W is in good agreem ent with 

the  grow th conditions. The various theore tical energ ies  corresponding  

tran s itio n s  also a re  lis ted  in Table 5. For severa l of the  tran s itio n s  we 

give a range of energ ies  due to the  d ispersion  along the  direction  a t 

the  mlnizone corresponding  to the  grow th ax is.

As can be seen from Table 5, th e re  is v e ry  good agreem ent between 

the  experim entally determ ined energ ies  of the  various quantum  tra n ­

sitions and  the  theoretical values, th u s  verify ing  the  orig ins of th e  d if­

fe re n t allowed and  forb idden fea tu re s . The forb idden  fea tu re s  12H, 

13H and  21L have recen tly  been rep o rted  in the  low tem peratu re  photo- 

luminescence excitation sp ec tra  [76] of quantum  wells GaAs/GaAlAs 

(x~0.30)quantum  wells having dimensions similar to o u r sample. With 

re sp ec t to b roadening  param eters Ref [30] finds the  re la tion  Ts CQhm 

meV, Cq being an ad justab le  param eter equal to the  linew idth of the  11L 

tran s itio n s . As can be seen from Table 5 o u r room tem peratu re  b ro a­

dening  param eters do not follow th is  re la tionsh ip . The re la tive  in ten s i­

tie s  of o u r observed  tran sitio n s  (except fo r A ,B and  C) ap p ea r to  be in 

good agreem ent w ith those of [30]. For example, we also find  21L and 

22H to  have about the  same m agnitude.
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Table 5: Comparison of experim ent re su lts  and  theoretical cal­
culation of GaAs/Ga^ g^Al^ superla ttices

including forb idden  tran s itio n s

Experim ental values of the  en erg ies , broadening  param eters for 
the  various transition  from a f it of Eq(81) to  the experim ental 
da ta . Also listed  are  theore tical values fo r the  various t ra n ­
sitions .

S pectral
fea tu res

Experim ent Theory

Energy
(eV)

r
(meV)

Energy
(eV)

T ransition

11H 1.44810.002 8 1 1 1.449 11H
11L 1.45610.002 712 1.461 11L
12H 1.47010.010 2515 1.471 12H
13H 1.49810.005 1915 1.503 13L
21H 1.52910.005 1012 1.531 21H
22H 1.54510.005 1012 1.541 22H
22L 1.58010.003 1312 1.581 22L

A 1.61410.005 3015 1.602 24H
1.618-1.632 33H

B 1.65310.003 1312 1.650-1.670 35H
C 1.68210.003 1112 1.654-1.680 33L

1.678-1.640 43H

The orig ins of the  A and C fea tu res  a re  not clear a t th is  po in t. 

The form er could be due to  e ith e r th e  forb idden 24H tran sitio n  

(1.598-1.595 eV from Table 5) o r possib ly  the  33H tran sitio n  

(1.610-1.624 eV ). This la tte r  tran sitio n  is  from a confined hole s ta te  to
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an unconfined conduction level. T he C peak a t 1.682 eV could be 

a ttr ib u te d  to  a 33L transition  (both  s ta te s  being unbound), a 43H tra n ­

sition , o r  possib ly  a Franz-K eldysh oscillation of the  B fea tu re . T hese 

sp ec tra l fe a tu re s  a re  u n d er fu r th e r  investigation .

In conclusion we have investigated  the  room tem perature PR sp ec tra  

of a GaAs/GaAlAs su perla ttice . In addition to  the  allowed tran s itio n s  

we have clearly  observed , for the  f i r s t  time a t room tem peratu re , th ree  

fea tu res  corresponding  to forbidden tran s itio n s . The fit to the  A spnes 

TDFF has allowed us to accurately  determ ine the  energ ies and  b roaden ­

ing param eters fo r all the  tran s itio n s . For the  energ ies th e re  is ve ry  

good agreem ent betw een experim ent and  th eo ry  based  on a two band 

tig h t-b in d in g  model. T here  a re  th re e  fea tu re s  which may be re la ted  to 

tran sitio n  involving unconfined s ta te s .

2.3.3 Electroreflectance: InP/ITO Space Charge Region

In th is  section we p resen t a s tu d y  of the  ER sp ec tra  of the  indium- 

tin  oxide InP (ITO /InP) system  in th e  v icin ity  of the  d irec t gap (Eq) of 

InP as a function of the applied dc b ias voltage ( V ^ )  and ac modula­

tion voltage(V  ) .  The samples s tu d ied  w ere <100> p -In P  (Zn-doped)AC
16 “3w ith a  nominal accep tor concentration (N ^'N ^) of (1 .3 -1 .7  xlO cm 

The su rfaces w ere p rep ared  by  polishing w ith 1 ym diamond paste  and 

th en  by  0 .3  ym and 0.05 ym alumina polishing pow der, respec tive ly .
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T his was followed by  a  chemo-mechanical polish In 0.05% Br^/M ethanol 

and  a  rin se  in NH^OH. The ITO was deposited  to  a  th ickness of about

650A by  ion-beam sp u tte r in g . The deposited  ITO had  a c a r r ie r  concen-

21 -3tra tlo n  of about 10 cm

Experim ents w ere carried  out a t room tem peratu re  with dc voltage 

rang ing  from 0-15V (rev e rse  dc b ias) and ac modulation voltage rang ing  

from 0.1-12V. The m odulating ac voltage was a b ipolar square  wave a t 

120 Hz. At positive half cycle, the  to ta l applied voltage is V^c+ 

While a t the  negative half cycle it is V ^ - V ^ .  T he whole system  was 

opera ted  a t almost open c ircu it condition. The maximum c u rre n t was 

found not exceed 1mA. And also the  photovoltage induced by  the  

p robe beam was found to  be small.

Shown in  F igure 26 a re  the  ER sp ec tra  the  en erg y  region of the  

d irec t band gap of InP fo r various dc b ias voltages (rev e rse  bias) b u t 

fixed ac modulation voltage (V =0.1V). The fea tu re s  denoted A,B and
•C

C a re  due to  excitonic effec ts  in a portion of the  SCR w here the  elec­

tr ic  fields a re  low enough not to quench the  exciton . Similar phenom­

enon have been rep o rted  fo r electro ly te  electro reflectance in GaAs [77] 

an d  have been d iscussed  fu r th e r  by  Kiselev [78]. These fea tu res  can 

be u sed  to gain information about the  SCR b u t will not be the  main 

focus of th is  experim ent.
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Electroreflectance INP/ITO

r e 1.4 r e r e 1.9
(•V)

Figure 27: Electro reflectance of InP/ITO at various ac modu­
lation voltage. The solid line is V *0.1V, theThe solid line is V ^ O .IV ,
dashed line V *1.5V ac All lines are at V . *6V.dc
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The peaks D ,E ,F ,G ,H  and I a t zero b ias a re  FKO orig inating  in the 

SCR. However, as we have dem onstrated  in the section 2 .1 .4  th a t 

these  FKO a re  significantly  d iffe ren t than  those re p o rf ~*i in previous 

experim ental and  theore tical s tu d ies  [6] [79]. As the  re v e rse  dc bias is 

applied to th e  sample, th e  en erg y  spacing between the  FKO increasea, 

ind icating  an increase in the  e lec tric  field in the  SCR. Also note th a t 

the  h igh  o rd e r FKOs become c lea re r and  c lea re r when the  dc bias 

in c re a se s .

Shown in F igure 27 a re  the  ER sp ec tra  from the  same sample, with 

«. fixed dc b ias b u t various ac modulation voltage. The solid line is 

V =0.1V, and  the  dashed  line V =1.5V. The spacing  between theAC AC

FKO is  almost independent of th e  ac voltage. However, as the  ac v o lt­

age increased , the  high  o rd e r FKO oscillation decreased  rap id ly , ind i­

cate an  increase in the  lnhomogenity of the  modulation field.

The above re su lt is in good agreem ent w ith the  generllzed FK theo­

ry  developed in section 2 .1 .4 .

2.3.4 Photoreflectance: InP/ITO Space Charge Region

In th is  section we p resen t a  s tu d y  of the  PR sp ec tra  of the  indium- 

tin  oxide InP (ITO /InP) system  in th e  vicinity of the  d irec t gap (Eq ) of 

InP a s  a  function of the  applied dc bias voltage (v b la i) • From the 

observed  Franz-K eldysh oscillations, we can quan tita tive ly  evaluate the
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dc su rface  electric  field (£^ )  a s  a  function of T his allows us  to

obta in , In essence , an optical M ott-Schottky plot from which we can 

determ ine the  bu ild -in  potentia l (V ^ )  as " e l l  as the  n e t c a rr ie r  concen­

tra tio n . The samples s tud ied  w ere the  same as  we d iscussed  in. th e  la st 

section . Two samples w ere Investigated : one consisted  of unannealed 

InP and  a second in which the  InP had been annealed a t 450°C In form ­

ing  gas before the  ITO was applied .

Shown In F igure 28 a re  the  PR sp ec tra  fo r the  unannealed IT O /InP  

sample In the  energy  region of the  d irec t band gap of InP fo r various 

dc bias voltages (rev e rse  b ia s) . The notations A -J a re  the same as  we 

u sed  in F igure 26. Note th a t th e  llneshapes of F igure 28 and F igure 26 

w ere almost identical, which indicate th a t th e  electrom odulation is  the  

dominant mechanisms fo r pho toreflectance. Also note th a t in the  sp ec­

trum  with V . s l l .5 V , the  h igh  o rd e r FKO up  to 1.75V was qu ite  c lear, dc

which indicated th a t the  photoreflectance gave r ise  a more uniform mod­

ulation than  e lec tro reflec tance . According to the  GFKO th eo ry  th is  

re s u lt  suggested  th a t potoinjected c a rr ie rs  only c rea ted  a  v e ry  small 

m odulation. Compare F igure 28 to  F igure 27 we concluded th a t the  

photoinjected modulation is less than  0.1V .

As we mentioned in section 2 .1 .3  the  e lec tric  field In the  SCR can

3/2be obtained from the  slope of (E -E ) a s  function of index num bern o
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Figure 28: Photoreflectance spectra of InP/ITO at various dc
bias.
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n . For exam ple, in  F igura  28 fea tu re  D co rresponds to n= l, fea tu re  E 

has n*2, e tc . We find  th a t such  p lots a re  Indeed linear, th u s  enabling 

us to evaluate S  as a function of .

In a fully dep leted  p -ty p e  SCR the  su rface  e lec tric  field and po ten­

tial a re  re la ted  by

£ , 2’ 2 [•< V N d)/k ,o) <Vbl*VW  <“ >

w here N -N . is the n e t im purity  concen tra tion , c is the perm ittiv ity  of a d  o

free  space , k Is the  dc d ielectric  constan t of th e  m aterial (14.2 fo r InP)

and  is  the  b u ilt- in  potentia l.
2

Plotted  in F igure 29 is  (dc) as a  function of fo r both

unannealed (open c irc les) and annealed (closed c irc les) samples, w here 
2

(dc) has been evaluated  from the  period of the  FKO. The solid

lines a re  leas t-sq u a re  fits  to the  experim ental po in ts . We have taken

m*=0.073 m , w here m is the  free-e lec tron  m ass. This value of m* o o

assum es th a t the  PR sp ec tra  is due predom inantly to transitions from 

th e  heavy-hole band to  conduction band [80] [81]. The light-hole to

conduction tran sitio n s  should be a facto r of th ree  w eaker due to m atrix 

element e ffec ts .

2As can be seen from Figure 29 is linear in th u s

enabling us  to  determ ine V. . and X - N .. We find th a t for the  unann-bi a d
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ealed sample V =-0.45±0.1 V and  N -N =(1.55±0.I)xl0*®cm ^ while for Di a  a

th e  annealed sample V *-0.35±0.1 V and N -N . *(1.45±0.1)xl0*® cm ^
di a  a

T he d**'erences in V. . an d  N - N . a re  ju s t ou tside  th e  experim entalDl a d

e r ro r  and may re p re se n t a rea l e ffec t. This will be th e  sub ject of a  

fu tu re  s tu d y . These values of N^-N^ a re  In good agreem ent with those 

quoted  above which were obtained from Hall e ffec t m easurem ents on 

sim ilar m aterial. The values of V. . m easured in th is  experim ent are
D l

somewhat smaller than  those deduced from p rio r  s tud ies on InP, which

has Fermi level pinning s ta te s  a t 1.2 eV and  0 .9  eV above th e  valence

ban d . T h u s, the  surface p rep ara tio n  and ITO trea tm en t of o u r samples

h as  serv ed  to lower the  b u ilt- in  potential of th e  InP . The annealing

may also have an e ffec t.

Let u s  now re tu rn  to th e  exciton  fea tu res  A -C . The sensitiv ity  of

th ese  s tru c tu re s  to V, , a rises  from a  su rface  in te rfe ren ce  effect. Inbias

th e  SCR th e re  is a  spatial varia tion  in th e  d ielectric  constan t due to the  

exciton oscillator s tre n g th  fo r a  p a rticu la r photon en erg y . O ver most of 

th e  SCR absorption  due to the  excitons is negligible because the  dc 

e lec tric  field (which v aries  linearly  w ith d istance  from the  surface) 

exceeds th a t necessary  to ionize th e  exciton (of o rd e r severa l kV /cm ). 

However, n ea r the  "boundary" between the  SCR and  the  bu lk , the  field 

is low enough for excitons to  become stab le  and  th u s  in te rac t with the
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lig h t. T hus an in te rfe ren ce  e ffec t occurs betw een the  ligh t reflected  

from the  IT O /InP In terface and  the  lig h t reflec ted  from the  region of 

the  SCR w here the  exclton is no t quenched . As is changed the

w idth of the  SCR also varies th u s  giving rise  to an in te rfe ren ce  p a tte rn  

in the  electrom odulation sp ec tra  fo r photon energ ies somewhat below Eq . 

Note th a t th e re  is a change of phase of the  exclton fea tu re  between 0 V 

and 1 .5  V b ias, between 5 .0  V and 9 .0  V bias and again between 9 .0  V 

and 11.5 V.

In  conclusion we have investiga ted  the  pho toreflectance sp ec tra  from 

the  SCR in the  model system  IT O /InP  as a function of In add i­

tion to  exclton In terference  effects we observe FKO which a re  functions
^  2

of Vbias< By p lo tting  q ,  ̂ a s  a  function  of we can obtain

and  the  n e t c a r r ie r  concen tration . This technique is essentially  an 

optical M ott-Schottky method and  can be used on o th e r sem iconductors. 

I t would be possible to obtain topographical scans of th e  e lectric  field 

and c a r r ie r  concentration d is trib u tio n s  in actual device configurations 

by  focussing  the  probe beam down to  a small spot size (about 100 ym 

has been achieved [65]). I t should also be poin ted  out th a t since PR 

is a  contactless technique m easurem ents of ^  could be perform ed on 

the  b a re  sem iconductor su rface  (a lthough , of course  a  bias dependence 

s tu d y  could not be perform ed u n d e r th ese  co n d itio n s).
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2 .3 .5  Photoreflectance: GaAs Doping Superlatticee

Semiconductors w ith a periodic profile of n - and p-doped  lay e rs , 

possib ly  separa ted  by  undoped (in trin s ic , i) reg ions (n - i-p - i  su p e r­

s tru c tu re s )  , exhib it in te re s tin g  p ro p e rtie s  not found in e ith e r  bulk 

c ry s ta ls  o r compositional su p erla ttices  [24] [35]. These nipi s tru c tu re s  

have an "indirect gap" in rea l-sp ace , long electron-hole recombination 

lifetime because of the  spatial separation  of the  c a r r ie rs , and  a two- 

dimensional subband s tru c tu re  fo r the  e lec trons and holes th a t can ta i­

lored  independently  fo r each c a r r ie r  ty p e . Even though th e re  have 

been  considerable optical stud ies on th ese  sem iconductor s tru c tu re s , 

most of the investigations have deal w ith the  n ea r band gap and below 

band  gap reg ions [24] [35] [36]. R ecently , work on the  above band 

gap optical p ro p ertie s  has also been  rep o rted  [82]. The quantization  of 

th e  e lectron  s ta tes  has been ob serv ed  in resonance Raman sca tte rin g

[83] and  photoreflectance [82]. In v estig a to rs , how ever, have not 

re p o rte d  on the  quatization of the  holes.

In  th is section we re p o rt room tem peratu re  m easurem ents on two 

GaAs nipi su perla ttices having considerable d ifferen t periods, i. e . ,  

2200A and 460A and th e re fo re  considerably  d iffe ren t bu ilt-in  po ten tia ls, 

i. e . ,  85 meV and 1220 meV. In the  th in  period sample (460A) we 

observed  a num ber of fea tu res  in the  spectrum  both  below and  above
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th e  band gap of GaAs. The spectrum  was f it by  a D erivative Function­

al Form (DFF) p rocedure, and  we perform ed a theoretical calculation of 

th e  en erg y  levels and  in tensities  u sing  a two band tig h t-b in d in g  model 

[84] w ith m aterial param eters deduced from the  grow th conditions. In 

th e  th ick  period sample (2200A) the  spectrum  is caused by F rana- 

K eldysh (FK) oscillations [6 ], the  period being re la ted  to the  la rge  

b u ilt- in  dc field [85]. We used  a second dc pump beam to change the  

electron-ho le  concentration and hence the  b u ilt- in  field . T his variation  

in  tu rn  re su lted  in a change in FK oscillations, enabling us to  gain 

inform ation about the  n a tu re  of the  b u ilt- in  field .

2 .3 .5 .1  Small Period Sample - -  Quantum size effect

The nipi superla ttices  u sed  in th is  experim ent w ere fab rica ted  by

molecular beam epitaxy  a t H ughes R esearch  L aboratories. Sample nipi

497 has nominal n=7xl0^cm ^ and  psSxlO1** cm ® with d =d =233A. Then p

values of the  b u ilt- in  potentia l, 2Vn =85meV, has been deduced from the  

grow th param eters by  assum ing th a t the  uncom pensated c a rr ie rs  (elec­

tro n s  in  th is  case) is exactly  in the  cen tra l region of the  n  lay ers  (see 

section 1 .2 ).

The do tted  line in F igure 30 shows the  300K PR spectrum  of sample 

n ip i 497 in the  1.30-1.55 eV range  u sing  6328A as th e  as pump a t pump 

chopping frequency  2^= 150 Hz. Experim ental condition were in the
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"low-fleld regim e"; i. e . , lineshape independen t of ac pump beam in ten ­

s ity .

Before d iscussing  the  le a s t-sq u a re s  fit of the  above re su lt to d e r iv ­

ative  function from E q(81), we would like to  point ou t th a t the  PR 

lineshape of nipi may be qu ite  d iffe ren t from th a t of QW o r SL. I t has 

been proven th a t the  subband  energ ies  of nip i s tru c tu re s  a re  s tro n g  

function of lig h t in ten sity  [86] [87] [88]. The recombination lifetime of 

e lec trons and  holes a re  so long th a t v e ry  low electron-hole generation 

ra te  may Induce la rge  deviation of th e  c a r r ie r  concentration [24]. The 

spatial separation  between electron  in n lay er and holes In p layer f la t­

ten s  the  se lf-consis ten t po tential (see section 1 .3 ) . T hus the  photo­

in jected c a r r ie rs  not only change th e  e lec tric  field b u t also change the  

subband  en erg ies . A f ir s t  deriva tive  function form fo r PR spectrum  

m ust be opera tive  and  possib ly  dom inant. T h is corresponds to  m=l in 

E q(81). However if th ird  derivative  is still dom inant, m=3.

T he solid line in F igure 30 is a least square  f it of the  experim ental 

da ta  to  Eq(81) with m=l. The energ ies  obtained  a re  indicated by 

arrow s a t th e  top of the  figu re  and  a re  lis ted  in Table 6, along with 

th e  co rresponding  m. We find the  fit fo r m=3 is ind istinguishable  from 

the  form er f it , b u t th a t it y ields somewhat d iffe ren t energ ies and b ro a ­

dening  param eters. T here  a re  also given in Table 6. T h u s, a t p re s -
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Table 6: Comparison of experim ental re su lt and  theoretical
calculation of GaAs doping superla tticee

A) obtained w ith m=l in E q(81), B) obtained w ith m=3 in Eq 
(81).

| Experim ent T heory
(A) (B)

S pectral | 
Feature

| Energy 
1 (eV)

r
(meV)

Energy
(eV)

r
(meV)

Energy
(eV)

T ransltio i

A 1.360 21 1.350 74 1.369 13H(0)
B 1.385 20 1.386 27 1.381 22H(0)
C 1.408 12 1.4114 23 1.408 16H(ir)

1.408 24H(0)
D 1.420 6 1.419 17 1.417 17H(0)

1.421 25H (i)
E 1.434 4 1.432 13 1.433 26H(0)
F 1.444 5 1.443 16 1.445 35H(0)
G 1.500 20 1.507 54 1.491 55H(»)

e n t, we cannot make a  defin itive statem ent about th e  o rd e r of the  

d e riva tive  (64] [82] to  f it PR sp ec tra  of nipi s tru c tu re s .

We have perform ed a  theore tical calculation of the quantized  energ y  

levels and transition  in ten sitie s  using  a tw o-band tig h t-b in d in g  model 

[84] w ith m aterial param eters cited  above. L isted in Table 6 a re  the 

en erg ies  of the  most in tense  tran sitio n s  (based  on m atrix  elem ents and 

d en sity  of s ta tes) in th e  region of the  th e  various sp ec tra l fea tu re s .
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The notation nmH(O) o r nmH(ir) denotes a transition  from the  con­

duction subband  to  th e  m**4 valence band of heavy-hole (H) ch arac te r 

a t the  minizone cen te r (0) o r  edge ( it) , respec tive ly . We have fou~ 1 

th a t tran sitio n s  involving ligh t-ho le  valence bauds have considerably  

less am plitude than  heavy-hole tran s itio n s . For example, if we examine 

the  en erg y  region in the  v ic in ity  of the  D fea tu re  th e re  is a theoretical 

33H(0) tran sitio n  a t 1.419 eV b u t it is  weak than  17H(0) o r 25H(ir) [see 

Table 6] and therefo re  has no t been  included.

U nfortunately , theoretical calculation using  the  grow th param eters 

does not give a unique assignm ent to  the experim ental d a ta . We have

also perform ed the  calculation u sing  o th e r values of n , p , d  , and dn p

such th a t 2Vq is k ep t co n stan t a t  85 meV. I t is also possible to  make a 

correspondence between th eo ry  and  experim ent, b u t no t necessarily  

with th e  same tran s itio n s . T h u s , fo r o th e r m aterial param eters (keep­

ing 2Vq constan t) th e re  a re  also  fa irly  s tro n g  theoretical tran s itio n s  in 

the  e n e rg y  range  of the  various experim ental fea tu re s , b u t th ey  do not 

necessarily  correspond  to  the  same tran s itio n s . For example, in  o th e r 

calculations the  theoretical en erg ies  a round  the D fea tu re  (1.420 eV) 

a re  not 17H(0) o r  25H(w).

The PR of InP nipi s tru c tu re s  a t  300K and  80K has been re p o rted  in 

Ref. [82]. The lineshapes have been fit by  an expression  based  on a
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Lorentzlan oscillator model originally  developed fo r the  electroreflectance 

of e x d to n s . T his corresponds to m=2 in E q(81). In in te rp re tin g  th e ir  

da ta  the  above-referenced  au th o rs  considered  only the  quantization of 

the  e lec tron  su b bands and not the  valence (and sp in -o rb it sp lit) s ta te s . 

We found th a t the  valence band quantization  is an  im portant considera­

tion fo r our case.

The optical transition  selection ru les  between confined valence and 

conduction band s ta te s  are  similar to those fo r a Type II su p erla ttice , 

in which the  e lec tron  and holes a re  spatially  separa ted  [89]. T hus 

|n -m | m ust be even a t the mlnizone c en te r , while |n -m | m ust be odd a t 

the  minizone edge. These selection ru le s  do not hold fo r unconflned 

s ta te s . Since mlnlband dispersion  was no t considered In Ref. [82] these  

au th o rs  re p o rt contribu tions to the  PR sp ec tra  from all m iniband t r a n ­

sitions .

2 .3 .S .2 Large Period Sample - -  FKO

The nipi superla ttice  used in th is  section was sample NIPI 498. It

17 -3 17consists  of 21 lay ers  of n (nD=6.5 x  10 cm ) and p (n^= 2 .5x10
.1

cm ) doped GaAs layers  with th icknesses of 800A (d n ) &n d 1400A

(d p ) , respec tive ly . The build -in  potentia l was estim ated as about 1220

meV.
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Plotted In F igure 31 Is the  PR spectrum  from th is  sample. T his 

spectrum  of F igure 31 looks considerably  d iffe ren t than  th a t of F ig­

u re  30. PR spectrum  from nipi 498 showed no evidence of any quantum  

confinem ent e ffec t. However it exh ib ited  the  FKO fea tu res from the  

fundam ental gap of GaAs E^. We denoted them by A-E. The fea tu re

denoted F was corresponding  to the  sp in  o rb it sp lit component of E .
g

S
b
bmm

1.91.5 1.61.41.3
•m rgy (aV)

Figure 31: Photoreflectance GaAs Doping superla ttices nipi498
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The m issing of th e  quantum  confinem ent e ffect is due to the  large  

separation  of e lec tron  and  hole pa irs  in  th e  n and  p  type  lay ers . The 

overlap  of the  quantized  electron and  hole wave functions is so small 

th a t almost no spatially  ind irec t tran sitio n  a re  possib le. D. Miller, e t 

al. have recen tly  rep o rted  a  theoretical calculation [90] on the  composi­

tional quantum  wells and showed th a t if the slab th ickness is g rea t than  

150A, then  the  classical FKO was recovered . T his theory  should alse 

applicable to  the  n ip i s tru c tu re s . As we mentioned in the  section 

(2 .1 .4 ) , the  periods of the  FKO in modulation sp ec tra  were determ ined 

by  the  dc field not by the  ac modulation field . T hus the  FKO showed in 

Figure 31 was a m easurem ent of the  bu ild -in  nipi potential 2Vq . From
g

F igure 31 we deduced a field of 1.2x10 V/cm. T his agreed  qu it well 

w ith th e  re su lt of average bu ild -in  field

2Vn / l ( d n*dn )/21=1-5xl° 5v/cm  (83)

It is also in te re s tin g  to compare the  re su lt from nipi498 to th a t from 

InP /IT O . Both of them exhib ited  Franz-K eldysh  O scillations. However 

the  signal in ten sity  from nipi was two o rd e r of m agnitude b ig g er than  

th a t from SCR. The b iggest FKO we observed  in InP SCR was about 

AR/R=3xl0’4 , in nipi 498 AR/R=3xl0~2 . T here  a re  two reasons for such 

a g rea t enhancem ent: 1) the  extrem ely long life time of photo-exited
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c a rr ie rs  in nipi s tru c tu re  made the  pump much more efficien t. 2) T he 

p robe volume in nipi was much more b ig g e r th an  th a t in SCR. For 

example, in InP/ITO  the  investigating  dep th  was the  depletion w idth , 

which was about 2000A. However in the  nipi s tru c tu re  e lec tric  field 

covered a dep th  of 21x(800A*1400a)=46200A. For th is  case , the  in v esti­

gating  dep th  should be the  sk in  d ep th  of the  p robe beam, which is 

about 10000A. Note also th a t, in co n tra st to  th e  SCR, the spectrum  

from nipi shows no exciton fea tu re s  and no h ig h e r o rd e r FKO, which is 

also th e  re su lt of th ick e r region of s tro n g  e lec tric  field.

2 .3 .5 .3  Pumping Power D ependence

The experim ental se tu p  in  th is  section is somewhat d iffe ren t from

F igure 14. A th re e  beam system  was u sed  h e re . In addition to th e

probe beam and the  pump beam (which is chopped and  we call it  the  ac

pump beam ), a th ird  beam from an At * la se r was focus on the  sample

su rface . T his th ird  beam usually  has a power much s tro n g e r th an  th e

ac pump beam. Since it is not chopped, we call it dc pump.

Plotted in F igure 32 is the  PR sp ec tra  of sample NIPI 498 with dc
2

pump power densities of 0 .0 , 5 .8  and  37 mW/cm . As the  dc pump

power in creases, the  energy  spacing  between the  FKO decreases , in d i­

cating  an  decreasing  in the  e lec tric  field in the  n ip i s tru c tu re .
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PHOTOREFLECTANCE

GaAs nipi 498 
300K 

3 6328A (oc PUMP) 
5145 A (dc PUMP) 

O.OmW/cm*

Figure 32:

1.30 1.40 1.50 1.60 1.70 1.80 
Energy (eV)

Photoreflectance PR spectra of GaAs nipi 498 for 
different dc pump power density.

The effect of the dc pump is to create more electron and hole pairs. 

Those electrons and holes stay at the center of the n and p type layers

respectively (see section of nipi) and reduce the value of 2Vq) and
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hence the  e lec tric  field . From th e  F rn z-keldysh  Oscillations in Fig­

u re  32c, we deduct a b u ild -in  field of 0.3x10^V/cm, a significant 

decrease In relation to  the  case of zero pump power (F igure  32a, 

1.2X105V /cm ).

2 .3 .5 .4  Chopping F requency  D ependence

We have also investigated  the  dependence of the  am plitude of PR

signal on the  chopping freq u en cy  Q. Showing in F igure 33 a re  the

re su lt from sample nipi 497 and  n ip i 498. C urve A is the  frequency

dependence of nipi 497 (no dc pum p). C urve B, C and D corresponds
2

the  power density  of 0 ,6 0 ,and 600 mw/cm fo r sample nipi 498. As the  

chopping frequency  Increases, th e  PR signal decreases. T his change 

can be accounted fo r on the  basis  of the  following considerations.

The chopped pump lig h t is a sq u are  wave d riv e r . When the  lig h t is 

on , i t  in jects e lectron  and hole p a irs . T hese e x tra  c a rr ie rs  change the  

b u ilt- in  potential ab ru p tly  (see F igure  34). When the  ligh t is o ff, due 

to the  la rge  separation  of e lec tron  and  holes in nipi s tru c tu re , these  

e x tra  c a r r ie rs  decrease slowly and  so dose the  e lec tric  field . (F ig­

u re  34). T hus the  effective modulation field can be w ritten  as
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Figure 33:

10 10* 10* C4
Pump Chopping Frequency, fi« (Hz)
P hotoreflectance in ten s ity  as- a function of ac 
pump chopping freq u en cy .

{e x p ( - tA )  0<t<T/2

(84)

1 T/2<t<T

Where t  is th e  electron  and hole recom bination life time, T  is the  period 

of the  chopping frequency  Q. The Fourier component a t freq u en cy  Q is

| C ( G ) | 2 = | C ( G ) = 0 | 2 [ ( l - e x p ( - i r / Q T ) 2Q2 T2 * 4 J / ( 4 0 2 t 2 *4)  (8 5 )
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Q>at
a
" c

T (time)
Figure  34: Schematic rep resen ta tio n  of modulation voltage In

nlpl

The solid lines In F igure 33 a re  leas t square  fit to the  above equa­

tio n . From th e  fit we e x tra c t a time constan t t of 4 .2  msec fo r sample 

n lp l 497. For sample NIPI 498 with d iffe ren t dc pump power, the  co r­

respond ing  t  a re  listed  Table 7. Increasing  the  dc pump power 

d ecreases  the  recombination lifetime since the bu ilt-in  potential la 

decreased  and  hence th e re  Is less separa tion  of c a rrie rs .
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r ------------------------------------------------------------------------------------------------------------1

| Table 7: Recombination life time of e x tra  c a rrie rs  in nipi498 |

sample dc pump power recom bination time

(mW/cm^) (msec)

0 20
nipi 498 60 6.4

600 0.25

L___________________________________________________________________________________J

In conclusion, we have m easured the  room tem peratu re  PR sp ec tra  

from two GaAs doping su p erla ttices  w ith substan tia lly  d iffe ren t layer 

th ick n ess . In  the  small period sample PR s tru c tu re  a re  observed  which 

a re  caused by  tran sitio n s  betw een quantized  electron  and  hole s ta tes . 

A correspondence betw een experim ent and  theo ry  can be made, although 

not uniquely . The o th e r sample exh ib its  FK oscillations, th e  period 

being re la ted  to the  dc b u ilt- in  field r a th e r  than  the  ac modulation 

field . A second dc pump beam was used  to  reduced  the  b u ilt- in  po ten­

tia l. The dependence of the  PR on pump chopping frequency  is a 

m easure of the  recombination lifetime.



C hap ter III 

RAMAN SPECTROSCOPY

3.1  General B ackground of Raman S ca tte ring

In recen t y ears , w ith the  adven t of la se rs , lig h t sca tte rin g  has 

become one of the  most pow erful optical techn iques for investigating  

elem entary excitations in solids. In sem iconductors, Raman sca tte rin g  

h as  been used to s tu d y  phonons, single partic le  and  collective charge 

c a r r ie r  excitations, electron-phonon in te rac tion , and  the  p ro p e rtie s  of 

d efec ts  o r  d iso rd e r in sem iconductor alloys and  am orphous m aterials [91] 

[8] [92] [93] [94]. Depth profiling can be accomplished by using  d if­

fe re n t excitation energ ies with d iffe ren t penetra tion  d ep th s. In  ad d i­

tion , since it is a second-o rder p rocess Raman sca tte rin g  can provide 

sym m etry information not available from f ir s t-o rd e r  p rocesses. Raman 

spectroscopy  is complimentary to  in fra red  absorp tion  techn iques in the  

sense th a t the  symmetry of the  modes coupled to the  radiation field can 

be d iffe ren t, for example in the  diamond s tru c tu re  the  in fra red  inactive 

modes a re  Raman active.

- 112 -



113

3.1.1 Polarizability Theory of Reman Scattering

In Raman sca tte rin g  (RS) the  incident electrom agnetic field couples 

w ith the  phonon (lattice v ib ra tion  field th ro u g h  the  induced dipole 

moment [91] [8]. T his is accomplished by the varia tion  of the  polariza­

tion ten so r x. which is defined by:Ira

P « x j  (86)

w here P is the  dielectric  polarization (dipole moment p e r  u n it volume) 

and  £  is  th e  electric  field.

The polarization ten so r can be expended as:

’■ta*x<0 ) t a * , ( 1>t a * , , ' , ( 2 ) t a * u 2 * - •• (87)

w here u is a nuclear displacem ent d u rin g  a normal v ib ra tion . T h u s, 

fo r the  normal mode:

U j=U j0 e x p ( iW j t )  ( 8 8 )

’■‘V v ^ v ' v  <89>

Since

£)= £ 0exP(iW|t) (90)

denotes the  electric  field of frequency  Wj we can w rite
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pax(0 )£ o * x p (i“it ) ^x<1)ujo ^ o 9Xp î ( V " i ) t ^

♦x(2 )u2J0g 0«xp[l(*.1*2»J) t ] ^ ...................  (91)

T he f ir s t  term  of the above equation  gives rise  to Rayleigh sca tte rin g  

in which the frequency  of the  rad ia tion  remains unchanged d u rin g  the  

sca tte rin g  process (1. e . t e las tic  sc a tte r in g ) . The second term , 

involving the  derivative of th e  po larizab ility , constitu tes  f ir s t-o rd e r  

Raman sca tte rin g , which is an ine lastic  sca tte rin g  p rocess . The inc i­

d e n t photon (w^kj) is ab so rb ed , an d  th e  system  makes a tran s itio n  from 

an  initial s ta te  (n ,v )  w here n and  v  re p re se n t the  electronic and  v ib ra ­

tional quantum  num bers, to  an in term ediate  s ta te (n ',  v 1) . —T he system  

even tua lly  decays to the  final s ta te  (n , v ± l) . In the  p rocess a phonon 

(Wj,qj) is c reated  o r annih ila ted  an d  a photon of d iffe ren t freq u en cy  

an d  wave vecto r («# ,k^) is em itted so th a t energy  and momentum a re  

conserved

lie  3 liw.l hw. (92)s i j

4 ik .g 3 h k jt  fiqj (93)

w here the  (♦) sign is denoted as an ti-S to k es  sca tte rin g , while the  ( - )  

s ign  is  Stokes sca tte ring  (see F igure  35).

The m agnitude of the  sca tte rin g  w avevector depends on the  s c a t te r ­

ing  geom etry. The la rg est value fo r |q^ | is obtained fo r b ack sca tte rin g  

in  which case
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6 * « '

F igure 35: Kinematics of S tokes inelastic  ligh t sca tte rin g .

Iqjl * Ikjl ♦ |k t l *{n(«i )e i ♦ n (« >)«>) /c  (94)

w here n(w) is the  re frac tiv e  index of the  medium at frequency  w and  c

is th e  velocity of ligh t. In typical Raman sca tte rin g  experim ents (in

visible o r  near visible) hw  ̂ * iiw^ * 2 .5  ev and  n ~ 4 and hence the

6 "1maximum w avevector tra n s fe r  |q^| £ 10 cm This is only a small

frac tion  of the  typical w avevector of the  Brillouin zone (BZ) edge pho- 

8 *1nons (~2v/aj > 1 0  cm ) .  T hus u n d er conditions of w avevector conser-
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vation only phonons n ea r the  zone c en te r  pa rtic ip a te  in f ir s t  o rd e r 

Raman sca tte rin g .

3 .1 .2  Microscopic D escription

In  a microscopic descrip tion  the  f ir s t  o rd e r  Raman sca tte rin g  is 

viewed as a th ree  step  process[8] [92] [95]. (see F igure 36)

1. a  photon with energ y  is abso rbed  crea tin g  an electron-hole 

p a ir in the  s ta te  |1>

2. a phonon with energ y  is c rea ted  (o r destroyed) and the  

electron-hole p a ir is sca tte red  to  th e  s ta te  |m>

3. the  electron-hole p a ir recombines and  a photon with en erg y  is 

em itted.

The momentum is conserved  in each s tep  w hereas as energy  is con­

se rv ed  only in the  total p rocess, i . e . ,  each of th e  above transitions can 

be re a l o r v irtu a l. T hese p rocesses can occur in any  time o rd e r giving 

r ise  to  six ty pes of p rocesses. Using th ird  o rd e r  time dependent p e r ­

tu rb a tio n  theo ry  one obtains the  following ex p ression  fo r the  f ir s t  o rd e r 

suscep tib ility  [95].

x loP >=RZ<01 P«1 m><m 1HEL11><11PP10>/ (Em_h“s ) (El ‘hlli ) 

♦ five perm utation term s. (95)
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d)

Figure 36: Two and th ree  band Raman sca tte rin g . a)Two
band electron-phonon sca tte rin g  b)Two band hole- 
phonon sca tte rin g  c )T h ree  band electron-phonon 
sca tte rin g  d ) th re e  band hole-phonon sca tte rin g

where

R=£?/m2w 2V (96)s
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and  H_t  is the  e lectron-phonon  Hamiltonian, p and p .  a re  electron 
b L  » P

momentum opera to rs and  |0> is the  "one e lec tro n ” wave function fo r the

ground  s ta te . U nder resonance conditions hw  ̂ a n d /o r  hw^ a re  close

the  energ ies of the  in term ediate s ta te s  E o r E. giving r ise  to  largem i

enhancem ents in a ( j) . F igure 36a and F igure 36b d is tin g u ish  two
a p

and th re e  band p ro cesses . The two band p rocesses involve in traband  

m atrix elem ents of H_T w hereas th ree  band p rocesses Involve in te rbandCiL

m atrix elem ents.

In addition to the  allowed sca tte rin g  mechanisms o th e r p e rtu rb a tio n s  

(applied o r bu ilt-in  e lec tric  fie ld , s tre s s  e tc .)  may also a ffect the  pho­

non induced change in the  suscep tib ility  th u s  con trib u tin g  to  the  f ir s t  

o rd e r Raman sca tte rin g . Including th ese  con tribu tions we obtain 

[92][96]:

x(1)«u(wi'ws)=(3V auj)uj* (aV avViujV
(3XaB/ 3 U j 3 £ a )Uj £ a * (ax a g/»Uj8q)UjH ♦ ............  (97)

, ( 1 ) «n(‘V “. ) =*(1 )«e(J) * ‘x (1 ,.» q ()) * • ••• (98)

w here we have expanded 1° u j» 7u^, (th e  applied  electric

field) and  n, the  s tra in . x^ ag(J) which depends only on Uj describes 

the  "allowed" one phonon sca tte rin g , d escribes the  co n trib u ­
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tion to the  f ir s t  o rd e r Raman sca tte rin g  due to  the  field induced atomic

displacem ents. x .  re p re se n ts  the  linear q -d ep en d en t contribu tion  in apq

the  case of longitudinal optic (LO) phonon-Frolich in te raction  and  x .
a p i)

re p re se n ts  the con tribu tion  to  x ^  .  due to  s tre s s .  The selectionap

ru les  fo r sca tte rin g  due to  x , x B and x . a re  usually  d iffe ren t
a p t  a p q  a p q

from x(1) a and hence a re  called "forbidden" sca tte rin g , ap

T he sca tte rin g  efficiency (Raman cross sec tion ), S, defined as the  

ra tio  of the sca tte red  in ten s ity  in to  un it solid angle p e r u n it time p e r  

un it frequency  in te rv a l, to the inciden t in ten sity  is given b y [92]

S (1 )(J) = le .  x .e j l2 V«4g/c 4 (99)

w here e^ and  eg a re  the  u n it polarization vecto rs  of the  Incident and  

sca tte red  lig h t, re sp ec tiv e ly , V is the sca tte rin g  volume and c is the  

velocity of ligh t.

3.1.3 Selection Rules

In  addition to the  re s tr ic tio n s  on sca tte red  lig h t imposed by  the

kinem atics of the  sca tte rin g  p rocess (see F igure 35) selection ru les

a rise  fo r the  ten so r components x .  from the  c ry s ta l sym m etry. Fromap

group  th eo ry , one obtains the  condition for the  ex istence of the  nonze­

ro  components x^ ag(J) as

r(UJ> X ?«8 * r j  (l00)
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w here T's a re  the  irreducib le  rep re sen ta tio n s  of the c ry s ta l point group

u n d e r consideration. T(u^) co rresp o n d s to the  normal co-ord inate u^,

transform s like the  components of a second-rank  ten so r and is

the  totally  symmetric rep re sen ta tio n . Similarly the  selection ru le  for

o th e r term s of x - can be w ritten  a s [92] [95] 
a p

W  r ( u j> x  r ( q )  x  " r i  (101)

W  r ( u i ) x  r(E ) x  " r i  (102)

W  r ( u J) x  r ( n )  x  " r i  (1 0 3 )

r(E) and T(q) a re  Irreducible rep re sen ta tio n s  transform ing like the vec­

to rs  q  and E, respective ly , r ( n) transfo rm s like a second-rank  ten so r.

The m aterials u n d e r s tu d y  have a zincblende s tru c tu re  and  hence 

belong to the  point g roup . T he optic v ib ra tions belong to  1^,. r e p ­

resen ta tio n  of the  T ^  group which has a th ree  fold degenera te  irred u c i­

ble rep resen ta tio n  a t q=0.

Choosing o u r co-ordinate system  to  coincide with the  c ry s ta l axes x

= (100), y = (010) and z = (001) the  "allowed" Raman ten so r .  for
a p

th e  th ree  optic modes are  lis ted  in Table 8. Since the  sca tte red  in tensi-
2

ty  is proportional to |e . .x .e  | th e  polarization of the  incident anda 8

sca tte red  lig h t fu r th e r  imposes re s tr ic tio n s  on the  f ir s t  o rd e r s c a tte r-
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Table 8: The allowed Raman ten so r

10 0 0| 10 0 J' 10 d 0|
10 0 d| 10 0 0| Id 0 0|
10 d 0| Id 0 0| 10 0 0|

X y ■

ing . For example, In back sca tte rin g  from (100) su rface  only LO phonon 

is allowed. Table 8 [96].

Table 9: The linear q induced  Raman ten so r

!cqx b q y b q j Iaqy  b q x 0 |
tO- ■

|q  0 bq  | x
lbqy  *qx  0 | |b q x  cqy  b q z ' 1 o «,I b q  |

y
,b q z 0 aqx> 1 0 b q z aqyl |b q x  b q y cq2 l

T he q - dependent and  elec tric  field Induced and s tra in  induced

Raman ten so rs  x ^  „ and  x ^  a and  x ^  and  a re  also listed  ina0q a&n a0E

Table 9, Table 10 and
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Table 10: E lectric field induced Raman ten so r

|cE bE bE | |aE  bE • «  | |aE  0 bE |x y z y  x x  x
|bE aE 0 | |bE  cE bE | | 0 aE bE |1 y x ' ' x  y z ' ' z y '
|bE  0 aE | | 0 bE aE | |bE  bE cE |1 z x z y ' x  y z

Table 11: S tra in  induced Raman ten so r

I ft) f 71 |yz zx xy
| f 71 071 bTl . * g (7 1  *71 ) |' zx yz xx  * yy zz7
| f 71 bTl * 8 (7 1  >71 )  071 |1 xy xx yy x x 7 yz 1

I OT| f  7| bTl * g ( T | ♦?! ) |' zx yz yy z z  x x 7'
I f n  C71 f  71 |yz zx xy
|bT) + g (T ) *7) )  f7) 071 |yy zz x x 7 xy  yz

| OT| b 7 | ♦g(l) * n  ) fn |xy xx yy x x 7 y z '
| bTl ♦ g (T ) + T| )  071 fn I' zz xx y y 7 xy zx '
I fn fn cn I' yz zx xy

3 .1 .4  Coupled LO Phonon Plasmon Modes.

The p resence of charge c a r r ie rs  in heavily doped sem iconductors 

give rise  to plasma oscillations w ith a  frequency

w 2(q) * (4irNe2/e  m *)**(3/5)*(qV _)2 (104)p  •  r
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*
w here w (q) is the  plasma freq u en cy , N is the  num ber density  and m

is the  effective mass of the  charge  c a r r ie rs , is the  high frequency  

d ielectric  constan t , e is the electronic charge and  Vp=hk/m * is the  

Fermi velocity . If the  plasma frequency  is close to th a t of the LO pho- 

non frequency  the  two modes of collective oscillations (electronic and 

atomic) will be s trong ly  coupled w ith each o th e r th ro u g h  the  depolariz­

ing field th ey  produoe.

The frequencies of the  coupled LO phonon-plasm on modes a re  the 

roo ts  of the  to tal d ielectric  resp o n se , i . e . ,

From the  above Eqn. one obtains the  frequencies of the  coupled modes 

as:

Shown in F igure 37 is the  frequencies of the  coupled modes as a fu n c ­

tion of the  e lectron  concentration in GaAs, calculated fo r 514S A la se r 

line.

P

e(q,w ) - t m* t la t t ic e ^  *  eplasma^q ' ŵ (105)

f / 2 2W/ 2 2 . .  2 , 2 -
* LO‘“ TO*w ^  »“p /w (106)

w here ŵ q  and a re  the frequencies of the  LO and TO phonons.

(107)
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Figure 37: Coupled LO phonon-plaim on mode

t ___________________________________________________________________________________ j

3.2 Experim ental Details

The functional block diagram of the  experim ental se tup  for Raman 

sca tte rin g  Is shown In Figure 38. The collim ated, monochromatic beam 

from a 6 w att C oherent Ar* laser was u sed  as  th e  Incident rad ia tion . 

The la se r beam is reflec ted  from two m irro rs , p a sse s  th rough  an In te r­

ference  f il te r  ( I .F . )  having a band pass  of « 5 A which eliminates any  

spurious em issions, (such  as the  plasma oscillations from the  la se r
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medium), a p in  hole collimator, and is th en  focused onto th e  sample by 

a cylindrical lens (focal length=6 cm ). The purpose  of th is  lens was to 

foci*** the  beam to a line ra th e r  th an  a po in t, th u s  reducing  the  incident 

power den sity  and  hence minimizing the  sample heating . Typically the  

la se r power used  was ~ 250 mw. The b ack sca tte red  ligh t was collected 

a t the  en tran ce  slit of the  spectrom eter by  a camera lens composed of a 

series of lenses (focal leng th  = 13.5 cm and f num ber = 1 .8 ) . The 

large index of re frac tion  (~ 4) of the  sem iconductor en su res  th a t both  

the  incident and sca tte red  angles inside the  sem iconductor a re  small 

(typically  -1 0 °).

The Raman spectrom eter is a Spex 1401 double monochromator which 

consists  of two identical u n its . Each u n it has two identical spherica l 

m irrors and  one vertically  mounted g ra tin g . The g ra tin g s  w ere holo­

graphic and  w ere blazed a t 5000 A. A synchronous ro ta tion  of the  two 

g ra tin g s  p rov ides a scanning in photon e n e rg y . T he photons which 

emerge from the  ex it s lit of the  spectrom eter a re  focussed  onto the  

GaAs cathode of th e  cooled photom ultiplier (RCA N-40436). The th e r ­

moelectrical cooling of the  photom ultiplier cathode significantly  red u ces  

the  "dark  c u rre n t"  which is due to  therm ionic em issions of e lec trons 

from th e  cathode and dynodes even  in the  absence of any incident 

lig h t. T he anode c u rre n t pulses a re  converted  to voltage pulses which
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Figure 38: Schematic function block diagram of Raman sca t­
te rin g

a re  fed th ro u g h  a d iscrim inator which f ilte rs  voltage pu lses which are  

below a p re se t level th u s  red u c in g  the  effects of d a rk  c u rre n t. These 

voltage pu lses a re  collected by  a photon counting system  and  the  time 

averaged  re su lts  are  reco rded  on a c h a rt reco rd er.
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3.3 Experimental Results

3.3.1 Surface Charge Layer in <100> GaAs

A lthough Raman sca tte rin g  (RS) from the  longitudinal optic (LO) 

phonon mode has been used  as a n o n d estru c tiv e , contactless m ethod to 

gain information about su rface  e lec tric  fields and space charge  region 

(SCR) from the  <U0> su rfaces [11] [97] and <111> su rfaces [11] [98] 

[99] of z incblende-type sem iconductors, re la tive ly  little  w ork has been 

done on the  <100> face [94] [100] [101]. The underly ing  reason  is th a t 

from the  <110> and <111> su rfaces  th e re  is a fie ld -independen t r e f e r ­

ence, i .e .  the  tra n sv e rse  optic (TO) phonon mode (su rface  electric  

fields affect only the LO-mode see Table 9 [96]). On the  o th e r hand , in 

b ack sca tte rln g  from the  <100> face, th e  TO-phonon is forb idden  (even 

in  th e  p resence of an e lec tric  field [96]) and  hence q u an tita tive  meas­

urem ents from th is  crysta llog raph ic  d irection  a re  much more d ifficu lt. 

However, since the  <100> su rface  is of much more technological in te re s t, 

we have undertaken  the  p re sen t s tu d y .

In th is  section we re p o rt m easurem ents using  LO phonon RS to  gain 

q u an tita tiv e  information about the  w idth of the  SCR (and hence su rface  

e lec tric  fields) as well a s  the  bulk  c a r r ie r  concentration , n , from <100>

n-G aA s. The room tem perature  RS, in th e  back sca tte rln g  geom etry,
17 -3

has been s tud ied  from a num ber of GaAs samples w ith 4 x  10 cm
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19 -3<n<l x 10 cm using  as an  excitation  source several d iffe ren t w avel­

en g th s  of an Ar* la se r. From the  position of the  coupled plasmon-LO 

phonon (CP-LOP) modes we have determ ined the  c a r r ie r  concen tration , 

n[94) [102]. By comparing the  in ten sity  (a t d ifferen t w avelengths) of 

the  observed  uncoupled LO mode, origination in the SCR, with the  s ig ­

nal from a piece of undoped <100> m aterial it  is possible to experim en­

tally  determ ine L# , the  w idth of the  SCR. T here  is v e ry  good a g ree ­

ment betw een experim ent and a generalized theory  which considers both 

non-degenera te  and degenera te  charge  c a r r ie r  cases.

In  the  general case, for optical penetration  dep ths la rg e r than  the  

depletion w idth , the Raman sp ec tra  from an n -ty p e  zincb lende-type 

sem iconductor will show the  peaks of the  CP-LOP modes (L+,L_) from 

th e  bulk  as well as the  uncoupled LO phonon mode orig inating  in the  

depletion layer[94] [98]. The frequencies of L+ and L_ a re  and  t*_ 

in  F igure  37. The in tensity  of the  unscreened  LO phonon depends on 

th e  w idth of the  layer and th e  p enetra tion  of the  Incident lig h t [98] 

[94]. Pinczuk e t al. [98] pointed ou t th a t by  assum ing the  Raman sca t­

te rin g  from the LO phonon in the  depletion lay er is similar to th a t in an 

undoped c ry s ta l, the  in ten sity  of the  unscreened  LO phonon I X(LO), 

o rig inating  in the  SCR can be w ritten  a s [98]

IX(LO) = I X(L O )(l-ex p [-2 L  /d  (X )]) (108)o s o
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w here I^ (L O )  is the  In tensity  of the  LO mode (a t excitation w avelength 

X) from a piece of undoped m aterial, L# is the  w idth of the  SCR and  dQ 

(X) is the  optical sk in  dep th . Equation (108) can be u sed  to determ ine 

Ls from m easurem ents of the  ra tio  I* (L O )/I^q(LO) . The qu an tity  L# 

can be re la ted  to the  surface  band bending in a doped zincblende-type 

sem iconductor.

We have Investigated  nine d iffe ren t GaAs samples, both bulk and 

th in  film, all S i-doped. Eight w ere MBE grown epitax ial layers fa b ri­

cated  a t Eaton Corp/A IL Division. T hey a re  designated  samples 

SUM12C (n= 5 .0x l017 cm '3) ,  CS5B (n= 5 .7x l0  17 cm '3) , SUM5G

(n = l . lx l0 18 cm '3) ,  798-7C (n=3xl018 cm '3) ,  SUNG-4D (n=5xl0 18

cm '3) ,  782-8A (n=6xl018 cm '3) ,  SUM-2D (n= 7 .0x l018 c m '3) and 798-5G 

19 -3(n = lx l0  cm ) , The n in th  sample was a  piece of bulk  m aterial

18 “3(n= 1.5x10 cm ) .  The c a rr ie r  concentrations lis ted  in paren theses 

w ere determ ined from tra n sp o rt m easurem ents. The <100> face of the  

bulk sample was orien ted  to 1° by  X -ray  Laue back sca tte rln g . The 

su rface  was th en  p rep ared  by polishing w ith lum, and  0 .05yin, g rit a lu ­

mina pow der for 60 min, 1:4 Syton in de-ionized w ater polishing fo r 60 

min. and  0.1® Br/M ethanol chemo-mechanical polish fo r 5 min. The re f ­

erence  samples (sem i-insulating) w ere CS(MBE), SUMITOMO (MBE) and
14 -3

798-4 (LEC) with c a r r ie r  concentration  less th an  1x10 cm To eval-
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uate  th e  possible influence on the  RS in ten sity  of a th in  oxide film, 

severa l samples (bo th  doped and undoped) w ere free -e tch ed  in a 0.5% 

Br/M ethanol solution fo r two m inutes. No d ifference in the  RS in ten sity  

before and  a f te r  e tch ing  was found.

3 .3 .1 .1  Determ ination of F ree C arrie r C oncentration

In o rd e r to  determ ine n we m easured the  CP-LOP fea tu res  (L+, L_)

using  th e  4880A line of an A r+ la se r. The relation betw een the  peak

position of L+ and  L_ as a  function of n  fo r d iffe ren t w avelengths is
*

given b y  Eq (107). N on-parabolic corrections to mQ are  considered
. .

h e re , as  d iscussed  in R ef. [94], [102] and  [103).

The incident power was about 300 mW. The la se r  beam was line 

focused onto th e  sample by  a  cy lindrical lens to  minimize heating  

e ffe c ts . The tem peratu re  a t the  su rface  was estim ated to  be about 

340°-350°K from th e  in tensity  ra tio  betw een the  Stokes and an ti-S tokes 

phonon lines.

Shown in F igure 39a, F igure 39b and F igure 39c a re  typical Raman 

sp ec tra  obtained from <100> GaAs samples CS5B, SUM5G, 782-8A,

resp ec tiv e ly . The CP-LOP modes a re  designated  L+ and L_. In  the

18 *3f re e -c a r r ie r  d en sity  range  of N >lxl0  cm L_ is  almost independent of 

n  (see F igure 37), and hence only L+ was employed to  determ ine the  

bu lk  c a r r ie r  concentration in th is  reg ion . On the  o th e r hand , in the
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— 1

Room tem peratu re  Raman sp ec tra  of <100> GaAs.
a)sam ple CS5B, b ) sample "SUM5G, c)sam ple 782-8A

j

18 -3region  of n<lxlO cm both L_ and  were used . T he m easured
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positions of L+I L_ fo r the  five samples and  the  corresponding  c a rr ie r  

concen trations n a re  summarized in Table 12 Also listed  a re  values of n 

from tra n sp o r t m easurem ents.

r ------------------------------------------------------------------------------------------------------------ 1

Table 12: Free c a r r ie r  concen tra tion  m easurem ents

SAMPLE w^(cm *) u_(cm *) n(cm  3) ^ n(cm -3)<b >

CS5B 333110

SUM12C 338H0

SUM5G 435110

BULK 470H0

798-7C 617110

SUNG-4D 839110

SUNG-2D 903110

782-8A 960110

798-5G 1015110

221±3 ' 4.0X1017l0 .3X 1017 5.7X1017

225±3 4. 5X1017±0. 3X1017 5.0X1017

269t2 1. 1X1018±0. 1X1018 1. 1X1018

269±2 1.3X1018±0.1X1018 1.5X1018

269±2 2. 7X1018±1. 0X1018 3.0X1018

269±2 6.4X1018ll.0 X 1 0 18 5.0X1018

26912 7.7X1018ll.0 X 1 0 18 7.0X1018

26912 9. 0X1018l l . 0X1018 6.0X1018

26912 1.05X1019ll.0 X lC 18 1.0X1019

a) From position of L>f L_ .

b ) From tra n sp o rt m easurement .

Note th a t in  F igure 39a in addition to  the  CP-LOP modes, RS is 

observed  from the  uncoupled LO phonon (292 cm *) o rig inating  in the 

depletion lay er. As n  increases the  in ten s ity  of the  uncoupled LO mode 

d ecreases re la tive  to L+ and L_. T he in ten s ity  of th is  fe a tu re  is of
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major in te re s t In th is  section. T he iinew idths T of the  uncoupled LO 

phonon mode a re  le ss  th an  3 cm \  T his dem onstrates th a t the quality  

of the  c ry s ta ls  is ~uite good [21]. Some o th e r asp ec ts  of the sp ec tra  

should also be pointed o u t. T he fe a tu re s  a t 269 cm 1 in  F igure 39a is 

the  symmetry forb idden  TO-mode which may be activated  by  the  surface 

morphology o r s ligh t m lsorientation of the  sample su rface  while the  fea­

tu re  a t  520 cm”1 of F igure  39b is due to  a two-phonon process 

[2T O (X )J.

3 .3 .1 .2  M easurem ents of D epletion Widths

The m easurem ents of th e  re la tiv e  in ten sity  of RS from the  LO pho­

non in  the  SCR of th e  doped m aterials l \L O )  to  th a t from the  undoped

samples I 1 (LO) w ere ca rried  ou t w ith special care . Two samples, o
doped and  undoped, w ith th e ir  c ry s ta l axes o rien ted  in the  same d irec ­

tions (to  avoid polarization d ifferences) were m ounted close to g e th er on 

an  aluminum plate  using  h ea t conducting epoxy. T he aluminum plate 

was m ounted on a  movable ho lder to  enable us to  a lte rn a te  samples with 

minimum change in the  focusing conditions. Since in th is  aspect of the  

experim ent we were not in te re s ted  in the  details of the  line shape o r 

exact peak position, b u t r a th e r  in optimal in ten s ity , the  instrum ent 

reso lu tion  was not Im portant. Hence, th e  slits  w ere se t fo r 6 cm r e s ­

olution. The ra tio  of LO in ten sitie s  i .e .  IX (L O )/IVq (LO) was rep ro d u ­
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cible to  w ithin 10% a t all w avelengths. T he re fe rence  q u an tity  I^ (L O ) 

from d iffe ren t undoped samples also was reproducib le  to  b e tte r  than  

10%.

Previous s tu d ies  have shown th a t  the  effects of optically excited

c a rr ie rs  will reduce  the m easured depletion layer [98] [104]. To avoid

th is  e ffec t, we employed a v e ry  low power density  for the  in ten sity

m easurem ents. The la se r power u sed  was 5mW and  the  power density
2

on the  sample su rface  was about O.IW/cm . In o rd e r to enhance the 

sca tte rin g  lig h t in ten sity  w ithout increasing  th e  pow er den sity  on the  

su rface , we maximized the illum inated area  on the  m aterial. The geome­

trica l arrangem ent of the  optics was as follows. Two cylindrical lenses, 

A and  B, of focal leng ths 10cm an d  3.5cm , respec tive ly , were u sed . 

The axis of lens A was a rran g ed  horizontally  and 50cm In fro n t of the  

sample. The axis of lens B was placed vertically  ( i .e .  c ro ssed  to  th a t 

of lens A) and was placed about 4cm in  fro n t of the  sample. Lens B

focused the  la se r beam into a long vertical line of dimension 1.5cm x 

-2 -2300pm = 4 .5  x  10 cm T he long axis coincided w ith the  en trance  slit 

of th e  monochromator. The sca tte re d  ligh t from the  sample was collect­

ed by  a h igh  quality  camera lens (focal leng th  s 13.5 cm, f= 1 .8). The 

en tran ce  slit of th e  spectrom eter (about 2 cm x  400pm) was fully  Illumi­

n a ted . T his optical arrangem ent reduced  the  power den sity  by  a facto r
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of 5 as compared to the  usual se t up  when only one cylindrical lens was 

u sed , i .e .  fo r the evaluation of L t , L_. Hence, w ith the  same power 

d en sity , we can increase the  signal by  a fac to r of 5.

To enhance the sca tte rin g  ligh t even more, the  polarization of the 

incident ligh t was in the  plane of incidence and the angle of incidence 

was se t a t the B rew ster's  angle. This reduced  the  reflec ted  ligh t 

in ten s ity , hence increasing  the  ligh t penetration  in the c ry s ta l.

Table 13: Depletion w idth 
♦

Ar lasor

m easurem ent using  5

"1
1

lines of an |

1
1

Excitation Optical Skin
1

Depletion |

W avelength Depth dQ(X) jX(LO)/IoX(LO) Width |

(A) (A) L / XP(A) |

5145 1093 0.37
1

256 |
4965 899 0.39 226 |
4880 816 0.43 236 |
4765 704 0.48 231 |
4579 517 0.62 253 |

1
■ i

Data were digitally recorded  a t the  unscreened  LO peak position 

(292 cm *). The sample dependen t background (taken  n ear 310 cm *)
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was su b trac ted  from th is  value. T he in teg ra tion  time p e r da ta  point

was 50 sec. Each experim ental point was an  average of 10 data po in ts.

L isted in Table. 13 is the  ra tio  of i \ l O ) /IX# (LO) from sample SUM5G

u sing  th e  5145A, 4965A, 4880A, 4765A, 4579A Ar la se r lines. Also

lis ted  a re  values of d (X) taken  from R ef. [105]. T herefo re , by  usinge

Eq.(108) it was possible to  evaluate L*Xp a t five d ifferen t w avelengths. 

Note, from Table 13, th a t even though  I X(L O )/IXq(LO) a re  0.37 fo r 

5145A and  0.62 fo r 4579A, the  m easured depletion w idths a re  256A and 

253A resp ec tiv e ly . This dem onstrates th e  high  degree  of consistency  of 

o u r approach .

L isted in Table 14 is the  summary of o u r re su lts  fo r the  determ ina­

tion on n  and  the  depletion w idths L*Xp (averaged  over the  five wavel­

e n g th s) fo r the  various sam ples. T he values of L**1 d isplayed in 

Table 14 will be d iscussed  in the  n ex t section .
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1 1 1 ..... - ................. ............. . 1

1 Table 14: Depletion w idth 
experim entally

of various <100> GaAs samples |

| m easured and theoretically  co rre la ted

| SAMPLE n(cm ) L *XP(A) s ^ ( A )  1

| A(CS5B) 4.0X1017 250±25 230 |

| B(SUM12C) 4.5X1017 232±25 210 |

| C(SUM5G) 1.1X1018 240±25 230 |

| D(BULK) 1.3X1018 241125 210 |

| E(798-7C) 2.7X1018 10617 136 |

| F(782-8A) 9.0X1018 6517 66 |

| G(798-5G) 10.5X1018 6317 60 |

i ■ i

3 .3 .1 .3  Depletion Width a t Finite T em perature

To compare o u r experim ental re su lts  w ith th eo ry , care m ust be ta k ­

en in determ ining w hether o r  not th e  m aterial is d egenera te . For

18 *3example, GaAs becomes degenerate  a t abou t n ~ 1 x  10 cm [106].

We p re sen t below a generalized th eo ry  of the  w idth of th e  depletion 

reg ion , a t fin ite tem pera tu res, fo r both  degenera te  and  non-degenera te  

m aterial [ 106 ] . Shown in F igure 40 is a schematic rep resen ta tio n  of the  

space charge  region fo r n -ty p e  m aterial, w here V (x) is th e  e lectron  

po ten tia l in th e  SCR, x is the  d is tance  from the  su rface , is the
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su rface  band band ing , (fo r GaAs it is approxim ately 0 .8  eV [107]), Ep

is th e  Fermi level, E p  is the  Im purity ionization e n e rg y , (fo r Si doped

GaAs Ep is 0.002eV [106]), and  is the  e lec tron  potential a t the  edge

of th e  SCR denoted by  For o u r p u rp o ses  we define the  ex ten t of

the  SCR as  follows. From Eqs.(104) and  (107), i t  can be seen th a t fo r 

16 -3n<l x  10 cm , th e  positions of and  LO a re  Indistingu ishab le.

Hence, we define th e  optical SCR as  th e  reg ion  w ith free  c a r r ie r  con-

16 -3cen tra tion  nQ<l x 10 cm We shall show in  th e  following section 

th a t L(  is qu ite  Insensitive to  th e  choice of n Q as long as  th is  q u an tity  

is le ss  th an  1 x  1016 cm

Posson 's equation fo r V (x) is

w here c is th e  s ta tic  d ie lectric  co n stan t, and  p (x ) is  the  n e t positive o

charge  d en s ity . For non-degenera te  case p (x) is given by

d ^V (x )/d x ^  * 4w e% (x)/s o (109)

“ D
p ( x )  * -(2 n c /s ) F i ([E F-V (x ) ) /k T )  (110)

l+2exp{ lEp*Ep-V (x) ] /k T )

and fo r degenera te  case

p(x) * nD-(2 n c /s ) F i (IE F-V (x ) ) /k T ) (111)

w here n_  is the  donor concen tration , n  is given b y [106] u  c
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r

V(x)

L s

I Figure 40: Schematic representation of the depletion width

L________._____ ___________________________________________________

2 3 / 2
nc* 2(2mn*kT/lS ) '

and F |(y) is the Fermi function

Fj(yf)= \  y^/ [ l*exp(y*yf ) ] dy
Jn

 j

(112)

(113)

The boundary conditions on V(x) are 

V(0)*Vb*EF 

V(-)=0

(114)

(115)



V'C)«0 

The solution Is given by

^ V v b

x * L dz/2 JTlp(n)dt\

V(x)/Vb

where L *(c V. /2we3n_)^
O O D U

and p(n) Is the reduced charge density given by,
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(118)

(117)

(118)

p(’t)*p(V)/nD (119)

and

n*V(x)/Vb ( 120)

Thus the depletion width L# is given by

L.  * Lo“<nD’T>
(121)

where

' l *EF/Vb
a - L adz/2 / JL p(n)dn

V /V O b

( 122)

As discussed above the quantity Vq can be determined by the rela­

tion,

n S lx l0 1Gcm"3 * (2n /*)F.{(Er -V(x)]/kT) o c i r
(123)
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Note that since the Fermi function F̂  is quite sharp even at finite

temperatures the quantity Vq (and hence L )̂ is quite insensitive to our
16 *3choice of n as long as it is less than 1 x 10 cm o

In the case of a degenerate sample at T * 0°K, we have 

(2/3)y{3/2 y£>0
(124)

0 yf<0

Thus using for degenerate material

nD * N * (2m*EF)3/2/3w2h3 (125)

and we can write

•c
l - ( l - nVb/EF)3/2 n<Ep/Vb

p(n) * \  (126)

For the degenerate case the quantity Vq at T s 0°K can be determined 

to be

V = E_ o F

since is essentially a step function. It is then easy to verify that 

at T * 0°K the above Equations lead to the same result of Eq.(2.46) in 

Ref. (108].
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Figure 41: Depletion width es e functUotn of free carrier
concentration and temperature.. Solid lines cal­
culated from the relevant equation in the text. 
Bars are the experimental values for sample A-E.
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thPlotted by  the  solid lines In F igure 41 is L as a function of c a r r i­

e r  concentration  n fo r the  both  non-degenera te  case (n<10*® cm and

18 -3the  degenera te  situation  (n>10 cm ) fo r th re e  tem pera tu res , i .e

77°K, 300°K, and  400°K. T he values of L** lis ted  in Table 14 were

taken  from th is  figu re  for the  co rresponding  values of n . Also p lo tted  

expin F igure 41 are  L for th  five m easured samples. Table 14 and  F ig­

u re  41 show th a t th e re  is ve ry  good agreem ent betw een experim ent and 

th eo ry .

Since a specific value of was used  in o u r calculation, th e  cu rv es

fo r the  non-degenera te  case a re  only valid fo r Si-doped GaAs. The

th  18 -3discontinuity  in L a t n about 10 cm is due to  the  approxim ation

used  concerning the  ionization en erg y  E ^ . In a  rea l m aterial E ^ is  a

function of n ^  fo r heavy doping levels, a  situation  we have not taken

into account.

In  conclusion we have succeeded in gaining quan tita tive  information

about the  w idths of the  space charge  region from <100> n-GaAs with

17 -3 19 -3c a r r ie r  concentrations in the  ran g e  of 4 x  10 cm to  1 x  10 cm

by RS from the  LO phonons. We have p resen ted  a  generalized th eo ry  

of the  depletion w idth fo r both degenera te  and non -degenera te  cases, a t 

fin ite  tem pera tu res. The experim ental re su lts  a re  in v e ry  good a g re e ­

ment with the  th eo ry . T h u s, th is  work dem onstrates th a t RS can be
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used  as a n o n -d es tru c tiv e , con tac tless p robe  of the  SCR of <100> o ri­

en ted  z incblende-type sem iconductors.

3 .3 .1 .4  Electric Field and  Im purity  Induced  Forbidden LO S ca tte ring  

The observation of d ipo le-forb idden Raman sca tte rin g  (RS) by  LO 

phonons in zincblende-type sem iconductors has been re p o rted  by  a 

num ber of au th o rs  [9] [92] [109]. T his sca tte rin g  does not follow the  

selection ru les  Imposed on the  Raman te n so r of the  T-point phonons due 

to  th e  translational symmetry of the  m aterial. D ifferen t mechanisms may 

be responsib le  for the  reduction  of the  c ry s ta l symmetry and  hence the  

activation of normally forb idden  R S. Such mechanisms may Include 

e lec tric  fields (su rface  a n d /o r  bu lk) [96] [110] [111], fin ite q -v ec to rs  

[96] [111], im purities [112] [113], e tc . R ecently  Menendez and  C ardo­

na have rep o rted  a s tu d y  in which in te rfe ren ce  effec ts  have been used  

to  separa te  in trin sic  from ex trin s ic  (im purity -re la ted ) con tribu tions to 

th e  forb idden sca tte rin g  [112] [113].

In  th is  section we re p o rt on Investigation  of the sym m etry forb idden  

longitudinal optic (LO) phonon RS from the  <100> su rface  of heavily 

doped n-G aA s:Si due to  the  h igh  im purity  levels and  su rface  e lectric

f ie ld s . Only MBE grown samples w ith c a r r ie r  concentration  

18 *3n > lx l0  cm in Table 12 were u sed  in th is  section. T hey a re  labeled 

a s  A SUM5G, B 798-7C, C 798-4D, D SUMG-2D, E 782-8A and  F
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798-5G. The c a r r ie r  concen tra tions of th ese  samples a re  lis ted  in

18 *3Table 12. Since GaAs is d eg enera te  fo r n>lxlO  cm we take the  

im purity  concentration  equal to  *he free  c a r r ie r  concen tra tion , n . 

T he m easurem ents of forb idden  sca tte rin g  w ere made a t  room tem pera­

tu re  in the  b ackscatte rlng  geom etry using  the  4579A line of an  A r-loa 

la se r . We have stud ied  the  RS fo r all fou r possible polarization config­

u ra tio n s , i .e .  I j [ x ( y ,z ) x ] ,  I2 [x ( y ,y ) x ] ,  I3 [x ( y ',y ') x l  and

I ^ [ x ( z ',x ') x ] , w here x =<100>, y = <010>, z = <001>, y ' = <011> and  z1 

=<011>. From these  m easurem ents we have evaluated  the  coefficients of 

th e  e lec tric  fie ld-and im purity- induced term s.

Shown in F igure 42 we d isp lay , by  the  poin ts , th e  experim entally  

determ ined ra tio s  I^ /I^  and  I^ /I^  as  a  function of im purity  con­

cen tra tio n  n^ fo r a  la se r excitation  w avelength of 4579A. Note th a t as 

nj-*0, the  ra tio  while bo th  Ig / I j  and  I^ /Ij+ 1 . We will show below

th a t th e  d ifference between I^ /I^  and  I^ /I  ̂  w ith increasing  n^ is due to 

an  In te rference  effect similar to  th a t re p o rted  in R efs. [112] [113].

Several mechanisms may be responsib le  fo r the  activation of normally 

fo rb idden  RS. They a re : lin ea r-q  term s (see Table 9 ), e lec tric  field

induced  term s (see Table 10), and  Im purity induced term s [112] [113].

For the lin ea r-q  term s th e re  some evidence to indicate th a t fo r 

dim ensions down to about 50A they  a re  no t im portant. For example,



146

LO Raman Intensity From Heavily doped GaAs

H

carrier concentration (xl0««18cn-3)

Figure 42: E lectric field end  im purity  Induced LO Reman
sca tte rin g
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polarization dapandant Raman sca tte rin g  has been perform ed on ioa- 

damaged GaAs in which the  average  size of the  undamaged reg ie s  

ex ten d s  down to  about 40A [114]. T hey showed th a t no significant 

sym m etry forbidden tran s itio n s  w ere observed  in these  samples. T hus 

we will neglect the linear-q  term s.

The electric  filed induced Raman ten so rs  a re  listed  in Table 10. 

T hey  corresponding  to  the in tr in s ic  forb idden sca tte rin g  [112] [113]

and  m ust be added to the  allowed Raman ten so r (deform ation potentia l, 

see Table 8) before sq u arin g . In o u r case of LO-phonon sca tte rin g  

<100> with the  electric  field <5(x) *l*o along th is  crystallograph ic  d irec ­

tion th e  Raman ten so r can be w ritten  as:

w here and ^  a re  the  coefficients of the  electric  field-

induced  term  while d and a re  re la ted  to th e  normally allowed atomic-

deform ation (AD) sca tte ring  p ro cess . Note th a t we have taken  into 

account the  fact th a t d in Table 8, a and c in Table 10 are  complex. 

For o u r sca tte ring  geom etry, i .e .  from the  <100> su rface , it can be 

shown th a t only and d ( ^ )  can be observed .

a ^ l f t x )  0 0

0 a .e

0

a2eU 2£(x) deU3 

dei#3 a2e!*2£(x)

(127)
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The Raman ten so r fo r im purity 'induced  sca tte rin g  can be w ritten  as 

11121 [1131

11 0 0 |

w here c and 4^ a re  the  m agnitude and phase , re sp ec tiv e ly , of the coef­

ficient fo r th is  p ro cess . I t  has been dem onstrated  by  Menendez and 

C ardona th a t Eqs. (127) and  (128) re p re se n t independen t sca tte ring  

p rocesses [112] [113]. T herefo re , in o rd e r to  calculate the  to ta l sca t­

te r in g  In tensity  the  two p rocesses must be added a f te r  squaring , not 

before squ arin g .

From Eqs. (127) and  (128) we can w rite  ex p ress io n s  fo r the  in ten si­

tie s  of ra tios the  various polarization configurations:

0 1 0  00**4 n*
0 0 1

(128)

f .

!1- d V 2“<X>* dx
' 0

(129)

(130)

J  0
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,L

I2= (131)
0

■

I2= I |a2*1#C (x )» d |2^c2n1l« -2«(X)x dx (132)

w here t s +2 ~*3 * ls ***• depletion region and a(X) is the  pen etra tio n  dep th  

of the  lig h t a t w avelength X). In  Eqs. (129)-(132) we have neglected 

the  small difference in w avelength between the  incident and  sca tte red

Eqs(121) and (66). The qu an tity  a(X) is obtained from th e  work of 

A spnes and S tudna[105]. Note th a t Eqs. (131) and (132) exh ib it an 

in te rfe rence  between the  e lec tric-fie ld -induced  and AD term s similar to 

th a t d iscussed  in R efs. [112] and [113].

The solid lines in F igure 42 a re  a leas t sq u ares  fit of Eqs. 

(129)-(132) to  the experim ental po in ts . From such an analysis we can 

evaluate

lig h t. E xpressions fo r and  & (x ) as a function of n^ a re  given by

a2/d = (4 .8 ± 0 .2 )x l0 -7 cm/V 

c2/d 2=(2 .1± 0 .2)x l0"20 cm3 (134)

(133)
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#s58±2e (135)

Grimsdlch e t al have m easured and calculated the  q u an tity  d in GaAs as 

a function of X[115]. At 4579A Ref. [115] re p o rts  d>100A T hus we can 

w rite  from 4579A

|a 2 |= 4 .8x l0"5cm /v (A )2 (136)

| c 12= (2. 1± 0 .7)x l0"16cm3( A )4 (137)

T his is the  f ir s t  evaluation of | a^ I and #, the  re la tive phase angle 

betw een a^ and d . Also th is  is the  f ir s t  determ ination of |C | in th is  

w avelength reg ion .
0  - I 1)  ^  1  *

' In Ref. [113] a value of c >1.5x10 A cm fo r GaAs is p re sen ted

correspond ing  to the  w avelength of Eq+Aq resonance. O ur value of

2 *16 4 3C >2.1x10 A cm is considerable sm aller since we a re  fa r  from any

in te rb an d  resonance.

3 .3 .2  Polish-Induced Surface S train

In diamond and z incb lende-type  sem iconductors surface  damage 

induced by  p rocessing  p ro cedu res su ch  as polishing is an area of con­

siderable  technological in te re s t . Polish-induced damage has been s tu d ­

ied by various methods [116] including optical techniques such as pho­

tolum inescence, [117] re flec tance , [118] [119] [120] absorp tion , [121] and  

Raman spectroscopy  (RS)[122] [123] [124]. RS is a p a rticu larly  usefu l 

tool fo r a  num ber of reasons. The influence on the  Raman spectrum  of
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dam age-induced p e rtu rb a tio n s  such  as s tra in  [96] [125] and d iso r-

der[114] (which produce d iffe ren t e ffec ts) is well understood . Non­

d estru c tiv e  dep th  profiling  can be perform ed by  u sing  various la se r 

lines. In zlncblende-type m aterials the longitudinal optical (LO) phonon 

is a sing le t; hence certa in  complications which occur in electronic t r a n ­

sition spectroscopies a re  avoided such as s tra in -in d u ced  in te rband  and 

in te rb an d  sp littin g s . [126]

In th is  section we rep o rt an investigation  of the  effects  of polish- 

induced s tra in  on the  line shape of LO phonon RS of <100> and <111> 

InP and GaAs. M easurements w ere made a t room tem peratu re  in the  

b ack scatte rin g  geometry from the  <100> and <111> su rfaces  of GaAs and 

InP single c ry s ta ls  polished u n d e r various conditions of g r it  size and 

polish time. The Raman source was an A t * la se r  w ith o u tp u ts  a t 5145, 

5017 , 4965 , 4880, 4765 , 4579 A. A line focus (300ym x  3mm) was used  

in  o rd e r to avoid heating  e ffec ts . The la se r  power was 300 mW excep t 

a t  4579 and 5017 A, in which case it was 130 mW. For the  <100> s u r ­

face, the  c ro ss  polarization configuration [x (y ,z )x ]  was u sed  to reduce 

the  Rayleigh sca tte rin g  from the  rough  su rface , w here x ,y ,z  denote 

[100], [010], [001], re sp ec tiv e ly . For the  <111> su rface , since the

cro ss  configuration is fo rb idden , th e  sca tte red  lig h t was not analyzed. 

No significant difference in line shape was found betw een d ifferen t
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polarization configurations. It was sometimes not possible to obtain 

m eaningful data a t all the  above w avelengths, because of the  influence 

of plasma lines on the  weak Raman signal of the  damaged sample"

Polishing was perform ed using  a B euhler Model AB Low Speed Pol­

ish e r (B uehler L td .,  Evanston, III. 8 -in . wheel) w ith a Politex Supreme 

125 polishing pad (Geosciences C orporation, Stam ford, C o n n .). Samples 

w ere mounted on a holder which was placed in a B uehler Model AB 

Whirliment attachm ent, making it possible to ro ta te  the  sample holder in 

a d irection  opposite to  th a t of the  polishing wheel. T ypical speeds 

w ere 5 r e v /s  for the  polishing wheel and 0 .5  re v s  for the  Whirliment

attachm ent. P re ssu res  due to the  sample holders were 1.12 x 10** and 

4 21.47 x  10 dyn/cm  fo r GaAs and InP , re sp ec tive ly .

Both the  GaAs and InP samples employed w ere sem i-insulating in 

o rd e r  to avoid free  c a r r ie r  e ffects  [ 102 ] . Samples were obtained to 

<100> o r< lll>  w ithin 1° using  X -ray  Laue b ack sca tte rin g . The undam­

aged  su rfaces w ere p rep ared  by lym, and 0.05ym alumina pow der pol­

ish ing  for 60 m inutes, followed by  1:4 Syton (Monsanto C orporation, 

d is tr ib u te d  by Remet C orporation, Chadwick, N .Y . 13319.) in de­

ionized w ater polish fo r 60 m inutes and  finally a 0.1% B r in methanol 

chemo-mechanical polish fo r 5 m inutes. Separate  pads were used  for 

th e  d iffe ren t polishing conditions. The concentra tions of Syton in
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w ater and  B r in methanol w ere found to  be qu ite  critical. The undam ­

aged su rfaces  had no observab le  sc ra tch es  o r p its  u n d er a microscope 

(magnification = 16).

The quality  of the  <100> su rface  also was examined by RS. T ra n ­

sv erse  optical (TO) phonon sca tte rin g  is normally forbidden in backs- 

ca tte rin g  from the <100> su rface . [8] [10]. It can be shown th a t n e ith e r 

su rface  electric  field o r lin ea r-q  effects  can activate  the  TO phonon 

from th is  face (see Table 9 Table 10). However, th is  sym m etry 

forbidden-T O  mode has been observed  by  many w orkers in <100> b ack s- 

c a tte rin g  [8] [10]. Several in v estig a to rs  have d iscussed  the  o rig ins of 

th is  mode [10] [127] [128] including a v e ry  detailed  analysis by  Biell­

mann e t  al. [128]. The am plitude of the  symmetry forbidden-T O  In 

re la tion  to the  symmetry allowed-LO phonon can be used  as a m easure 

of c ry s ta l qua lity . The quality  of the  undam aged surface is im portant 

since it se rv es  as a  s tan d a rd  fo r the  u n s tra in ed  LO position and  linew- 

id th . We m easured the ra tio  of TO/LO in a tru e -b a c k  sca tte rin g  geom­

e try  an d  found it to be less than  0.2% fo r undam aged su rface .

Damage was induced on an undam aged su rface  by  s lu rrie s  made from 

0.5pm, 0.3pm, o r 1pm alumina polishing pow ders fo r various time p e r i­

ods. S epara te  pads were used  fo r the  d iffe ren t partic le  sizes.
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Shown in F igure 43a is the  RS in  the  region of the  LO phonon for 

undamaged <100> InP using  the  5145 A line (spectrum  A) and m aterial 

polished w ith 0.05um g r it  fo r 5 —in . using  the  5145, 4965, 4880 and 

4579 A excitation lines (labeled B ,C ,D ,E  and F, resp ec tiv e ly ). The 

undamaged RS is a fa irly  sh a rp , symmetrical peak cen tered  a t 345.6- 

cm 1. Spectrum  B has a re la tively  sh arp  fea tu re  a t about 848 cm * and 

a broad  shoulder a t about 355 cm As the  penetration  dep th  of the  

ligh t decreases the  amplitude of the high frequency  shoulder grows re l­

ative to th e  low -frequency fea tu re . The am plitude of the  RS of the  

damaged m aterial w ere considerably  less than  the  undamaged sample 

a lthough th e  In teg ra ted  in tensities rem ained approxim ately constan t.

P lotted in F igure 43b a re  the  re su lts  fo r <100> GaAs. Spectrum  A 

is the  undamaged m aterial taken  w ith 5145 A while sp ec tra  B-F a re  fo r 

the  case of 0.3um g rit  polish for 60 min. using  5145, 5017, 4880, 4765 

and 4579 A, respec tive ly . In th is  case the  h igh -frequency  shoulder in 

spectrum  B has become the  dominant fea tu re  a t the  sh o rte s t wavel­

en g th . As will be dem onstrated below the  two fea tu res  in the sp ec tra  

of damaged InP and  GaAs do not a rise  from two separa te  peaks b u t are  

the  consequences of the  convolution of the  sk in  dep th  of the damage- 

induced s tra in  and  the  optical penetration  dep th  fo r the  various wavel­

en g th s  .
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Figure 43: Raman sca tte rin g  from polished <100> GaAs and
InP . a)InP : undam aged su rface  a t 5145A (spec­
trum  A) and m aterial damaged with 0.05vm partic le  
size for 5 min. a t 5145, 5017, 4880, 4765 and 4579 
A (sp ec tra  B -F ). b)G aA s: undamaged surface a t 
5145A (spectrum  A) and  m aterial damaged w ith 
0.3ym partic le  size fo r 60 mln. a t 5145, 5017, 
4880 , 4765 and 4579 A (sp e c tra  B -F ).

Shown In F igure 44a is the RS In the  region of the LO phonon for 

undam aged <111> InP using the 5145 A line (spectrum  A) and m aterial 

polished w ith 0.,05pm  g rit fo r 10 m inutes using  the 5145 , 4880, 4579 A
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excitation  lines (labelled 8 , 0 , 0 ,  re sp ec tiv e ly ). For the  sake of c larity  

we have not p lo tted  the  sp ec tra  fo r all w avelengths since th e re  are  no 

major d ifferences b^^ween them . The <111> and <100> [see Fig­

u re  44(a)] undamaged RS a re  identical in term s of peak  position and 

linew idth . However, fo r the  damage conditions, the  RS from the  <111> 

su rface  a re  quite  d iffe ren t from the  <100> case. The re la tive ly  sharp  

fea tu re  a t about 348cm \  which appeared  in the  RS from the  <100> face 

[see F igure 43a], is not seen . The broadening is fa irly  symmetrical, 

and  peaked a t about 346.5 - 347.5 cm *. As the  p enetra tion  depth  of 

the  lig h t decreases, the  linew idth increases and the  peak position sh ifts  

to  th e  b lue.

T he RS sp ec tra  in  the  reg ion  of the  LO phonon fo r undam aged and 

damaged <111> GaAs a re  d isp layed  in F igure 44b. As fo r InP the 

undam aged sp ec tra  fo r <111> and  <100> su rfaces a re  iden tical. Also for 

GaAs the  damaged sp ec tra  a re  sym m etrically. b ro ad en ed ; w ith decreasing  

w avelength  the  RS broaden and  sh ift to the  b lue, although not as much 

as fo r InP [see F igure 4 4 (a )] .

T he m easured RS sh ift and  linew idth fo r various polishing conditions

from th e  <111> InP and GaAs su rfaces  v e rsu s  d iffe ren t penetra tion

d e p th s , d  , of the  Ar* la se r lines [105]. a re  p lo tted  in  F igure 45a and o

F igure  45b. We find fo r <111> InP and  GaAs damaged w ith 0.3ym g rit
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Figure 44:
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Raman sca tte rin g  from polished <111> GaAs and 
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trum  A) and  m aterial damaged with 0.05ym partic le  
size fo r 10 min. a t 5145, 4880, and 4579 A (sp ec ­
t r a  B -D ). b)GaAs: undamaged surface  a t 5145A 
(spectrum  A) and material damaged w ith 0.3ym 
partic le  size fo r 10 min. a t 5145 , 4880, and  4579 A 
(sp e c tra  B -D ).

fo r 60 m inutes, the  RS sh ift and phonon linewidth do not change with 

d iffe ren t dQ. However, for the  0.05|im g rit size, the  RS sh ift and 

linew idth do increase considerably  with decreasing  ligh t penetration
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F igure  45: Linewidth and  peak  sh ift as a function of optical
skin dep th  fo r <111> GaAs and InP

d e p th . We have also found th a t fo r the  undamaged su rfaces , the  RS

sh ift and  linewidth are  constan t with d , dem onstrating th a t by  p ro p e ro

mechanical and chemical polishing, a s tra in -free  surface  can be 

achieved .

T he above resu lts  can be accounted fo r on the  basis of the  following 

considera tions. Polish induces s tra in  a t the  surface of the  m aterial
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th u s  producing  a sh ift in the  LO frequency  from its  u n stra in ed  value. 

[96]. [124] [125] This dam aged-induced s tra in  (and  hence RS sh ift)

dim inishes as a function of dep th  into the sample. In  addition the  lig h t 

in ten s ity  decays from the  sample su rface . The observed  RS signal is 

then  the  convolution of the  dep th  dependence of th e  LO frequency  and 

the  optical sk in  skin dep th  of the lig h t. Assuming an exponential 

d ep th  dependence for the Raman frequency , w(x), (and hence s tra in ) 

we can w rite:

w here x is the  distance from the su rface , uq is the  u n p ertu rb ed  f r e ­

quency , Aw is the  sh ift due to su rface  s tra in , and is the  skin d ep th  

of the  s tra in . T hus the  Raman in ten sity  I(u) is given by

w here dQ is the optical sk in  dep th  and L(u) is a line shape fac to r which 

is a convolution of the Lorentzian line shape of the  RS and the in s tru ­

mental tra n s fe r  function. We have neglected  the  small d ifferences in 

th e  optical skin dep th  fo r the  incident and  sca tte red  rad iation . For

w (x)sw +Aw e x p ( -x /d  ) (138)

dx L [u -u (x )] e x p (-2 x /d  )o (139)
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sim plicity we have assum ed a trian g u la r instrum ental tra n s fe r  function 

T (£) w ith full w idth a t half-maxima of 1^. T hus L(w) can be w ritten  as

L(w) = \ dK (r/2ir)T(5) /[ («-C)2- ( r / 2 ) 2] (140)

w here T is the linew idth of the  RS. Above equation can be solved to 

yield the  analytical form:

L(w) = (r /2sri 2)[R(«*ri )*R(u-ri )-2R(«)l  (141)

w here

R (w)=(2w /r)arctg (2w /r) - i ln l (2« /r )2>ll (142)

I t  is also possible to take into account any inhomogeneous s tra in  in 

the  plane perpend icu lar to the  polishing direction  (fo r a given value of 

d e p th ) . This can be done by increasing  the  broadening param eter, I \ 

from its  in trin sic  value (2 .4  cm ^ for GaAs and 1.2 cm * for InP) and 

assum ing a dep th  dependence similar to th a t of the  frequency  sh ift,

r(x)=ro*&r e x p ( -x /d s ) (143)
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w here rQ is the in trin sic  value an d  AT tak as  into account the  lnhomoge- 

naous broadening.

In o rd e r to correla te  the  RS peak  sh ift Aw with surface  s tra in  we 

assume th a t the polishing produces a two-dim ensional s tra in  in the plane 

perpend icu lar to the  polishing d irec tio n . For the  <100> case the q u an ­

tity  Au is related to the s tra in  S by  [96] [125]

w here

Xl<XfC12/C l l (145)

while for the <111> situation it can be shown th a t

(p>2q)(2-l111) - 4 r ( l ^ i n )
(146)
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and

l i n * 2(C l l* 2C12-2C44>/ <CU *2C12*2C44> <147>

w here wo is the  u n p e rtu rb e d  Raman freq u en cy , C ^ ,  and  are

elastic  s tiffness  constan ts  and p ,q  and r  a re  coefficients which describe 

the  s tra in -in d u ced  sh ift of the  optic phonon. For GaAs K^qq = 1.5 and 

Kjjj  = -0 .7 . For InP p , q and r  have no been  determ ined; however, 

since these  param eters do not v a ry  much fo r the  III-V  m ateria ls[125] 

[96] we take the  GaAs values for InP and hence K^qq = 1.3 and =

-0 .80 .

Shown in F igure 46a is a le as t-sq u a re s  fit to the  sp ec tra  a t 5145 A 

and  4765 A of <100> InP damaged with 0.05ym g rit  fo r 60 m inutes. The 

ad justab le  param eters were Aw and . We have taken  wq = 345.6 cm * 

and  T = 1.2 cm from the  slit se ttin g s  Tj = 2 .4  cm *. Values of d^ 

w ere taken  from Ref. [105]. T here  is excellent agreem ent betw een theo­

ry  and  experim ent a t both  w avelengths. I t is found th a t Aw -  12.3

cm * and  d = 204 A fo r 5145 A and Aw = 12.3 cm * and  d = 186 A for s s

4765 A, dem onstrating the high degree of consistency  of o u r approach. 

Comparable values w ere obtained for the o th e r w avelengths. L isted in 

Table 15 are  summaries of the  re su lts  for InP (averaged  o v er the  d if­

fe re n t w avelengths) fo r the various polishing conditions.
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Fit of LO lineshape for dam aged <100> GaAa and 
InP . a) InP damaged with 0.05pm partic le  size for 
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GaAs damaged with 0.3pm partic le  size for 15 min. 
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In F igure 46b a re  p lo tted  experim ent and th eo ry  fo r <100> GaAs a t

5145 and 4573 A damaged with 0.3pm g rit fo r 15 min. using  wq =292.1

cm = 2.4 cm and  Tj = 2.4 cm We find fo r 5145 A thatAw =

10.9 cm  ̂ and d = 260 A while for 4579 A Aw 3 10.1 cm  ̂ and  d 3 230 s a

A, again dem onstrating  consistency . Values of Aw and  d^ (averaged
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over the  w avelengths) for GaAs fo r d iffe ren t polishing conditions a re  

lis ted  in Table 15.

We have also In troduced an  inhomogeneous s tra in  fo r the <100> case 

fo r both InP and GaAs. We find  th a t increasing  Al* to 3 cm 1 had little  

effect on the  quality  of the  fits  in  F igure 46a and F igure 46b; fu r th e r  

Increases, how ever, re su lt in a significant deviation in the  correlation  

between theo ry  and experim ent. T herefo re , we conclude th a t the  inho­

mogeneous s tra in  component ATj< 3 cm * fo r the  <100> case. T his is 

significantly  less than  the homogeneous sh ift Aw which is 9-12 cm * (see 

Table 15).

T he in te rp re ta tio n  of the  experim ental re su lts  fo r the  <111> case a re  

somewhat d iffe ren t from th a t fo r the  <100> situation . By u sing  only 

Eqs. (138)-(139), i .e .  no homogeneous b roaden ing , we w ere not able to 

ge t a  good fit to the experim ental da ta . We find th a t fo r the  <111> 

su rface  it is necessary  to In troduce Eq. (143): for th is  case inhomoge­

neous b roadening  is an im portant effec t, as found in th e  p rev ious RS 

s tu d y [122]. In co n trast to the  <100> case it is difficult to ge t m eaning­

fu l da ta  from ju s t the spectrum  a t a single w avelength since varia tions 

In d g and  Ar produce similar e ffec ts  on the  theoretical f it . T h ere fo re , 

we obtained  values of Aw, Ar and  d g fo r the  d iffe ren t polishing condi­

tions by  perform ing a se lf-co n sis ten t least square  fit of Eqs.
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Table 15: experim ental re su lts  fo r various polishing conditions 
on <100> suurface

M aterial Particle Time Aw Ar d 8
, -1. - i -1

size (vm) (min) (cm ) (cm ) (cm )

0.05 5 ♦12.610.5 <3.0 190125
InP 0.05 60 ♦12.110.5 <3.0 300140

0.3 30 ♦12.5±0.5 <3.0 440150

0.05 60 ♦9.110.5 <3.0 200125
GaAs 0.3 15 ♦10.510.5 <3.0 250140

0.3 60 ♦11.410.5 <3.0 360150
1 2 ♦10.410.5 <3.0 530l50

(138)-(139) to all five sp ec tra  a t d iffe ren t w avelengths, i . e . ,  5145, 

4965, 4880, 4765 and 4579 A. The re su lta n t num bers a re  listed  in 

Table 16.

Comparing Table 15 and Table 16, we find th a t fo r the  <111> s u r ­

faces, the  com pressive su rface  s tra in  is less th an  th a t in the <100> 

case . The dominant s tra in  is inhom ogeneous. The dep th  of damage- 

induced  s tra in  is much deeper than  th a t of the  <100> fo r corresponding  

polishing conditions.
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1 Table 16: Experim ental re su lts  fo r various 
tions on <111> suurface

polishing condi- |

I Material Particle 

size (vm)

Time

(min)

Aw

(cm *) (

Ar

- l ,  cm )

d | s

(cm ) |

0.05 10 ♦2.8±1.0 4.811.0 3501100 |
I InP 0.05 60 ♦3.311.0 7.011.0 11001200 |

0.3 10 ♦3.611.0 6 .0 H .0 34001500 |
0 .3 60 ♦ 3 .6H .0 7 .0 H .0 45001500 |

0.05 60 ♦1.310.5 6 .5 H .0 2401100 |
I GaAs 0.3 15 ♦1.510.5 7.311.0 4401100 |

0.3 60 ♦1.010.5 5 .5 H .0 12001200 |
1 2 ♦1.410.5 6.311.0 18001200 |

i i

From the sign and m agnitude of Aw in Table 15 and  Table 16 we find 

a com pressive surface s tra in  of about 2.2% for <100> GaAs, 2.6% for 

<100> InP , 0.6% for <111> GaAs and 1.2% fo r <111> InP. With reg a rd  to 

the inhomogeneous s tra in  ( i . e . ,  AI72) it is less than  0.3% fo r the  <100> 

su rface  while it is about 1.4% for the  <111> su rface . For the <111> case 

the  s tra in  skin dep th  is of o rd e r the  partic le  size while for the  <100> 

situation  it is generally  less.
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We have also considered  the  effects on the  LO phonon line shape of 

o th e r p e rtu rb a tio n s  such  as (a) d iso rd er (b) tem perature  g rad ien t 

effects and (c) free  c a r r ie r  in teractions (coupled plasmon-LO m odes' 

P .D iso rder lowers the  lattice  symmetry and re laxes the q=0 selection 

ru le  of Raman sca tte rin g , i .e .  some sca tte rin g  p rocesses which a re  n o r­

mally forbidden in the  undamaged c ry s ta l can be activated . [123] [10]

It has been shown th a t the  influence of th is  p e rtu rb a tio n  on the LO

phonon is to re d  sh ift the  peak position and asymm etrically (low- 

frequency  side) b roaden the  line shape. [114] In troducing  such an effect 

into ou r equations yields a poorer fit . In addition, we have m easured 

th e  RS below the  LO phonon region and find little  d iso rd er-ac tiv a ted  

e ffec ts . [123]. T hus the  d iso rd e r-ac tiv a ted  component of the  damage 

corresponds to a correlation leng th  (as defined in Ref. [114]) of g re a t­

e r  than  300 A. We concluded, as Evans and Ushioda did , th a t the 

effects  of d iso rd e r a re  re la tively  minor.

With reg a rd  to  tem peratu re  g rad ien ts , it has also been shown th a t 

the  influence of th is  pertu rb a tio n  is to red  sh ift the  LO phonon f r e ­

quency and asymm etrically (low -frequency side) broaden the  line 

shape. [129] T h u s, it also con trad icts  ou r experim ental re su lts . Since

we used  the same power for both the  damaged and undamaged surfaces

th e re  appears to be no physical reason why the tem peratu re  g rad ien t is 

g re a te r  in the  damaged case than  it is in the undamaged situation .
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C are m ust be taken  in determ ining as  to w hether o r not ou r 

observed  blue sh ift (of about 5-10 cm *) is due to  the  In troduction of 

free  c a rrie rs  by the  polish damage. It is well known th a t the L+ com­

ponent of the coupled plasmon-LO phonon mode Is a t a h igher frequency  

than  th a t of the uncoupled LO peak [102]. If the sca tte rin g  volume near 

the  polished sample su rface  contains a free  c a r r ie r  concentration of n = 

1.0 x  1017 cm th en  L+ will lie about 10 cm 1 h ig h e r than  LO. T hus, 

it might be responsib le  for the  high  frequency  bump in the damaged 

sp ec tra  of F igure 43a and F igure 43b. I t has been observed  th a t one of 

the  fac to rs a lte rin g  the  su rface  c a rr ie r  density  is dopant red is trib u tio n  

induced by g e tte rin g  to su rface  defects . [130] It is reasonable to 

assume th a t such g e tte rin g  decreases w ith Increasing  d istance from the  

damaged su rface . However, RS does not determ ine the  actual dopant 

d en sity , bu t only m easures the  free  c a r r ie r  concen tration . The dep le­

tion w idth fo r n = 1 x lO1^ cm ^ is about 1000 A. T hus most of the 

pileup dopants a re  contained w ithin the  space-charge  depletion zone. 

RS would not de tec t any  of th is  effect w ithin th is  reg ion . It should be 

pointed out th a t anealing would not resolve th is  puzzle, since some p re ­

vious stud ies have shown th a t anealing reduces both  surface  free  c a rri-  

ers[102] as well as su rface  s tra in . [122]
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T his am biguity can be reso lved  by examining the  TO phonon since 

th is  mode does not couple to the free  c a r r ie rs  [ 102J [8 ]. We have meas­

u red  TO phonon RS from the  <111> damaged surfaces and obso-ved a 

blue sh ift from its  u n stra in ed  value. However, because of the complex­

ities of the stra in -dependence  of the  TO phonon (it is a doublet) [124] 

[125], we were not able to do a de tailed  f it. The observed  blue sh ift is 

consisten t w ith the  s tra in -in d u ced  sh ift of the  LO mode and  hence we 

deduce th a t f re e -c a rr ie rs  are not a fac to r in our analysis.

For the  <111> case our re su lts  a re  consisten t w ith those of o th e r 

in v estig a to rs , including Evans and  Ushioda. As shown in Table 16 we 

find  th a t the  s tra in  skin dep th  fo r both  m aterials is approxim ately equal 

to the  polishing partic le  size (fo r GaAs d # is somewhat smaller than  the  

partic le  s ize ). Also, for both sem iconductors d^ becomes la rg e r  w ith 

increasing  polishing time. The phonon line broadening is caused prim a­

rily  by  the  inhomogeneous s tra in  d is trib u tio n  (both  com pressive and 

tensile) in the  polishing plane, while the  sh ift of the  RS peak is due to 

th e  mean com pressive surface s tra in .

For the  <100> case our find ings a re  somewhat d iffe ren t from p re v i­

ous s tud ies  [116] [117] [119] (122) [131]. O ther investigations have 

concluded th a t the  polishing induced damage goes as deep as the  p a r ti­

cle size, while we find th a t the s tra in  penetra tion  d ep th  fo r the  <100>
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su rface  is considerably  less th an  the  pa rtic le  size, particu la rly  in the

o.3um and lym cases (see Table 15). However, it should be pointed 

out th a t o th e r w orkers did no t examine the  ''100> orientation b u t 

rep o rted  on o th e r faces, i . e . ,  <110> in Ref. [122], <111> in Ref. [131], 

e tc . T hu s, it is somewhat d ifficu lt to make detailed  comparisons. 

Also, It should be noted th a t some of the  earlie r stud ies were not 'non* 

d estru c tiv e ' b u t obtained th e ir  find ings by  e tch ing  away controlled 

amounts of m aterial from the  su rface . Compared w ith the  <111> case, 

the  s tra in  in the  <100> su rface  is re la tive ly  homogeneous. The phonon 

line b roadening  is prim arily due to the  exponential decay of homogene­

ous s tra in  from su rface .

At the  p re sen t time we do not u n d e rs tan d  the  d ifference in the 

re su lts  from the  two o rien ta tions. We believe it may be re la ted  to the  

n a tu re  of the  bonding a t these  two d iffe ren t su rfaces . Since <100> is 

of considerable technological in te re s t , o u r re su lt  should serve to stim u­

late  more detail work on th is  su rface .

In conclusion we have s tud ied  the  e ffec ts  of polishing on the  LO 

phonon Raman sp ec tra  from <100> and  <111> GaAs and  InP; non­

d estru c tiv e  d ep th  profiling was perform ed by  using  various la se r lines. 

The details of the line shape can be quan tita tive ly  accounted for by a 

th eo ry  based  on the  convolution of the  optical and s tra in  skin d ep th s .
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We find th a t the  s tra in s  fo r both  su rfaces a re  com pressive; the  average 

com pressive su rface  s tra in  in 2-3% fo r the  <100> surface and 0.6-1.2% 

fo r the  <111> su rface . The su rface  s tra in  in <100> is fa irly  homogene­

ous (less than  0.3%), while th a t in <111> surface is significantly  more 

inhomogeneous (about 1.4%). The s tra in  skin dep th  is as deep as the 

partic le  size for <111> su rface ; while it is substan tia lly  smaller than  the 

partic le  size for <100> su rface .



Chapter IV

SUMMARY AND CONCLUSIONS

T his thesis  is an investigation of m icrostruc tu ra l geometries in semi- 

conductor using modulation spectroscopy and Raman sca tte rin g . Sam­

ples used in th is s tu d y  Included AlAs/GaAs sup erla ttices  

GaAl, As/GaAs superla ttices (X<0.3), GaAs nlpi su p erla ttices , InP/ITO
X *

17 1§system , heavily doped n -ty p e  GaAs (MBE grown n~4xl0 -1.1x10 ) and

bulk  In trinsic  GaAs and InP.

We have dem onstrated th a t electro reflectance especially photoreflec­

tance is an extrem ely powerful tool fo r investigating  m icrostructu ra l 

geom etries. We have developed a new servo  mechanism for Photoreflec­

tance by using  a variable n eu tra l density  filte r , which has considerable 

advan tage  over previously used  one.

We dem onstrated fo r the f irs t time th a t Photoreflectance sp ec tra  can 

be fit by a th ird  derivative  function lineshape, th u s  making it possible 

to precisely  determ ine energ y  positions and  resolve hidden s tru c tu re s . 

This re su lt g rea tly  enhanced the  usefu lness of PR to characterize  

m icrostruc tu ra l geometries and stim ulated a lot of o th e r scientific in te r ­

e s tin g .

- 172 -
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Using Photoreflectance a t room tem peratu re  we have evaluated the 

topographical varia tions in quantum  level tran sitio n s  of a GaAs/ 

Gap ygAlg 2 4 ^*  quantum  well(200A/l50A) due to change*- in

b a rr ie r  height and quantum  well w idth. The spatial resolution of the 

measurem ent was about lOOum. We can de tec t the  b a rr ie r  height chang­

es of several millielectron volts and variation  in well as small as 2A.

The Photoreflectance sp ec tra  of severa l GaAs/AlAs superla ttices 

have been m easured a t 300K and 77k using  monochromator as a secon­

dary  beam, th u s  enabling us to s tu d y  the  w avelength dependence of the 

PR. The re su lt showed that th e re  were more than  one mechanism in 

superla ttices , in c o n tra s t to bulk  m aterial. Also nondestructive  dep th  

profiling has been dem onstrated by th is  re su lt .

We have investigated  the PR sp ec tra  of GaAs/Ga^ ggAlg su P®r '

la ttices. In addition of the allowed tran s itio n s , we have clearly  

o b served , for the f ir s t  time a t room tem peratu re , the forb idden fea tu res  

12H, 13H,and 21H. the  observed  in tensities appeared  to be in good 

agree with a theo ry  based on valence band mixing effect.

We have m easure the  room tem perature PR sp ec tra  from GaAs doping 

su p erla ttices with substan tia lly  d ifferen t periodicities. The small period 

sample exhib ited  a num ber of fea tu res corresponding  to transitions 

between quantized e lectron  and hole s ta te s . The th ick  period sample
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exhib ited  F ranz-ke ldysh  oscillations. The PR sp ec tra  for both samples 

exhib ited  s trong  dependence on the  pump power and  pump chopping 

frequency , which is due to the  extrem ely long life ♦,'ne of free c a rrie rs  

in nipi s tru c tu re s . The dependence of PR on the  pump chopping f r e ­

quency is a m easure of the  recombination lifetime.

The F ranz-keldysh  theo ry  fo r modulation spectroscopy has been 

generalized to include both dc and ac field . We dem onstrated , both

theoretically  and experim entally , th a t if E / E . <0.2 then  the F ranz-ac dc

keldysh  oscillation is determ ined by the dc field not by the  ac field. 

Ac field only sm ears out the  h ig h e r o rd e r oscillations. According to 

th is  re su lt photoreflectance u n d e r small modulation pump in tensity  can 

be used  as a contactless method to detec t the  su rface  electric  field.

We have succeeded in gaining quan tita tive  information about the

w idths of the  space charge  region from <100> n-GaAs with c a rr ie r  con-

17 -3 19 -3cen trations in the  range  of 4 x 10 cm to  1 x 10 cm by RS from

the  LO phonons. We have p resen ted  a generalized theory  of the dep le­

tion w idth fo r both degenera te  and  non-degenera te  cases, a t fin ite 

tem pera tu res . The experim ental re su lts  a re  in ve ry  good agreem ent 

with the  theo ry . T hus RS can be used as a n o n -d es tru c tiv e , con tac t­

less probe of the SCR of <100> orien ted  zincb lende-type sem iconductors.



The effects of polishing on the  LO phonon Raman sp ec tra  from <100> 

and  <111> GaAs and InP have been stud ied  in detail. N on-destructive  

d ep th  profiling was perform ed by  u sing  '*arious. la se r lines. The details 

of the  line shape can be quan tita tive ly  accounted for by  a theo ry  based 

on the  convolution of the  optical and  s tra in  skin d ep th s . We find th a t 

the  s tra in s  fo r both su rfaces a re  com pressive; the  average com pressive 

su rface  s tra in  is 2-3% for the  <100> surface and 0.6-1.2% fo r the  <111> 

su rface . The surface s tra in  in <100> is fa irly  homogeneous (less than

0 .3 .)  , while th a t in <111> su rface  is significantly  more inhomogeneous 

(about 1.4%). The s tra in  sk in  d ep th  is as deep as the  partic le  size for 

<111> su rface ; while it is su bstan tia lly  smaller than  the partic le  size for 

<100> su rface .

In conclusion th is  s tu d y  can be summarized as follows:

1. Modulation spectroscopy , especially  photoreflectance is a pow er­

fu l tool to investigate, and  characterize  the m icrostruc tu ra l geo­

m etries. Both topographic and d ep th  stud ies can be ca rried  out 

by th is  technique.

2. Normalized Photoreflectance sp ec tra  w ithout in troducing  false 

signal can been obtained by  using  a variable density  filte r .

3. Fit to  the  th ird  derivative  lineshape enables us to determ ine the 

energ y  of the quantized  lev ers  w ithin a few millelectron volts a t 

room tem peratu re.
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4. Forbidden transitions clearly  observed  a t room tem peratu re  is a 

stro n g  su p p o rt to the valence band  mixing th eo ry .

5. The periods of the F ranz-K eldysh  oscil]~+ions in modulation 

spectrum  are  dependent on dc field not on ac field, th u s  p ro ­

viding a d irec t optical m easurem ent of the bu ilt-in  e lec tric  field 

by a contactless way.

6. Photoreflectance sp ec tra  from small period nipi samples exhib its 

transitions between quan tized  hole and e lectron  s ta te s , while 

th a t from thick period samples ex h ib its  F ranz-K eldysh oscilla­

tions.

7. The dependence of PR on chopping frequency  can be used  to 

measure the  recombination lifetime of c a rr ie rs  in nipi s tru c tu re s .

8. Raman sca tte rin g  is dem onstrated  to  be an o th er pow erful te ch ­

nique to characterize  the  m ic ro stru c tu ra l geom etries. It has 

been employed to determ ine the  c a r r ie r  concentration and  dep le­

tion w idth for heavily doped III-V  sem iconductors.

9. E lectric field induced Raman te n so r (both  amplitude and phase) 

and im purity induced Raman ten so r have been determ ined fo r 

<100> GaAs a t 2.7eV

10. The effect of polishing on LO Raman sp ec tra  lineshapes can be 

quan tita tive ly  accounted for by  a model based on the convolution
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of p en e tra tio n  d ep th  of lig h t and  the  sk in  d ep th  of the  polish 

induced s tra in .
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