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Abstract

TRANSPORT AND OPTICAL PROPERTIES OF n-CdSe
by
Miguel Levy
Adviser: Professor Mxriam Sarachik

Transport measurements were performed on n-type CdSe near
the metal-insulator transition above and below 4.2 K. The
determination of compensation on the basis of transport data above
50 K is discussed. Use is made of some recent treatments of
electron screening.

The resistivity of three insulating samples with carrier
concentrations between 0.73 and 0.80 of the critical concentration
follow a temperature dependence consistent with Mott variable
range hopping in the temperature range between 1.25 K and 4.2 K.
The Hall coefficient is also consistent with Ry ~ exp [Ton/T]1/4 in
that range. We compaire our results with available theory and with
those of other workers and point out some discrepancies.

Luminescence and Excitation spectra of metallic n-type CdSe
were also obtained. We compare our results with available theory

and find some discrepancies, which leads us to introduce some
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modifications into the theory. In particular, we consider the effect
of compensation on band gap renormalization. We also look for and

find evidence of acceptor states in the luminescence spectra.
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INTRODUCTION

This thesis is divided into three main chapters, dealing with
different experiments and analysis performed on heavily doped CdSe
samples spanning the metal-insulator transition. Chapter | concerns
transport measurements carried out at temperatures above 4.2 K. It
contains a detailed analysis of the effect of various types of
scattering mechanisms on the value of the electron mobility, and
presents an attempt to extract the value of compensation for
samples on the metallic side of the transition. As far as we kﬁow
this is the first time that some recent treatments of screening
presented below have been used to attempf to extract the value of

compensation for the case of degenerate samples.

Chapter I concérns transport measurements carried out at
temperétures below 4.2 K for insulating CdSe samples near the
metal-insulator transition. The resistivity of these samples
follows a temperature dependence consistent with Motit variable
range hopping. We have been able to measure the Hall coefficient of
these samples and find that it obeys RH ~ exp [Ton/T]1/4. This is
significant given the paucity of data on the Hall coefficient in the
variable range hopping regime. We compare our results with
available theory and with those of other workers and point out some

discrepancies.

Chapter 1l concerns luminescence and excitation spectra

studies carried out on metallic n-CdSe samples. We compare our



results with available theory and find some discrepancies, which
lead us to introduce some modifications into the theory. In |
particular, we consider the effect of compensation on band gap
renormalization. We also look for and find evidence of acceptor
states in the luminescence spectra. To our knowledge, this is the
first observation of electron recombination into acceptor states for
heavily doped n-type semiconductors on the metallic side of the

metal-insulator transition.

Appendices are attached which contain discussions of some
experimental and theoretical aspects of this work; in particular,
Appendix lll presents a correction to the van der Pauw formula for

the determination of the Hall coefficient.



CHAPTER | |
TRANSPORT MEASUREMENTS OF n-DOPED CdSe ON BOTH SIDES
OF THE METAL-INSULATOR TRANSITION ABOVE 4.2 K.

INTRODUCTION

The transition from insulating to metallic behavior which
occurs in semiconductors as the dopant concentration is increased
has been the subject of numerous studies in recent years. Attention
has focused largely on doped silicon and germanium, which have the
important advantage that the dopant levels can be well controlled
and the concentration.of unwanted impurities can be kept very small.
These materials have indirect fundamental band gaps, however, a
fact which may introduce complications in the interpretation of
results and which also makes some interesting measurements, such
as Faraday rotation, very difficult to perform and analyze. On the
other hand, direct band gap semiconductors such as CdS and CdSe are
much more difficult to prepare cleanly and controllably. In addition
to having non-negligible concentrations of unintended impurities,
some degree of self-compensation is unavoidable. In order to shed
further light on the metal-insulator transition, useful studies of
these materials require full and c;areful characterization using a
variety of different experimental probes. The aim is to obtain

information regarding impurity content, the energy level diagram



including impurity levels, impurity bands and, if possible, the degree
of compensation.

In this chapter, a careful analysis of Hall coefficient and
resistivity data obtained for n-CdSe with indium dopant
concentrations spanning the metal-insulator transition is used Eo
estimate the degree of compensation and thus both the number of
donors and acceptors. Although this has been done for
semiconductors on the insulating side of the M-I transition, albeit
not always with great care, we show that the application of recent
theory yields similar information regarding the 'co‘mpensation for
metallic samples. In particular, we make use of recent treatments
of screening to improve upon estimates of the compensation based
on measurements of the mobility. It should be pointed, however,
that multi-ion screening, an effect not taken into account in the
calculations presented below, may have a non-negligible effect on
the value of the electron mobility and thus introduce an error in our
determination of compensation for metallic samples. There have
been some attempts to introduce the effect on multi-ion screening
in theoretical treatments for the case of uncompensated samples on
the metallic side of the metal-insulator transition, as discussed in
this chapter, but no treatment exists as yet for the case of
compensated material.

In the following, We describe our experimental methods, and
based on theory and on preliminary data taken down to 1.2 K, we
make an estimate of the critical concentration nc. We discuss the
overall features of the Hall coefficient and resistivity data; we
attribute the experimentally observed transport at high



temperatures to carriers activated into the conduction band, and we
argue that the behavior at intermediate temperature is very likely
associated with impurity band conduction. Using the temperature
dependent mobility and Hall coefficient measurements, we then
show in detail using available recent theory for the insulating,
intermediate and metallic cases, how to extract the compensation
for sar_nples on the metallic as well as the insulating side of the

transition.

APPARATUS |

Transport data above 4.2K was taken in an Air Products and
Chemicals LT-3-110 Liquid Transfer Heli-tran System. This system
provides refrigeration by a controlled transfer of liquid helium. The
helium flows at a constant rate through a high efficiency transfer
line to the sample holder interface. A micrometer needie valve

permits precise control of the flow rate.

Temperature Control

Figure (I-1) shows a schematic view of the LT-3-110 Heli-
tran end. A 44 Q control heater wire is wound close to the sample
holder attachment. Temperature sensing is effected by a Chromel-
Gold with 0.07 atomic % iron thermocouple mounted on the Heli-tran
cold tip.

A model 3700 Air Products temperature controller was used to
control temperature between 5 K and 100. K. Alternatively, | also
used a Lake Shore Cryotronics Model DRC-82C temperature



6

controller with a Carbon-Glass sensor mounted in the sample holder,
shown in the next section.

Temperature stability was typically better than 20 mK in the
temperature range between 5 K and 20 K. Temperature stability at
higher temperatures was better than 0.1 K.

Sample Holder

A schematic view' of the sample holder is shown in Fig. (I-2).
It was machined of a single copper piece, and held the sample plus
two resistor thermometers as shown. Sample lead electrical
connections were made to four of six available binding posts
connected to external measuring circuits. .

The sample holder was screwed onto the bottom end of the
Heli-tran cold tip. Conductive grease ensured good thermal contact
between the sample holder and the Heli-tran tip.

A calibrated Lake Shore Carbon Glass CGR-1-1000
thermometer mounted as shown was used for temperature control
when we operated with the Lake Shore controller. Temperature
measurements were done with a calibrated Lake Shore GR-200A
germanium thermometer. Samples were thermally anchored to the
holder using Apiezon N grease. Electrical insulation was provided by
cigarette paper, glued to the holder with GE7031 varnish.

The sample holdqr was encased in two radiation shields made
out of aluminum, the colder of which was in thermal contact with
the Heli-tran cryo tip. This system was encased in a vacuum shroud

and evacuated by a diffusion pump. A schematic picture of the



radiation shields and vacuum shroud arrangement is shown in Fig. (I-
3).

Magnetic Fields

The sample holder together with its vacuum shroud were
designed to fit between the poles of an external magnet.
Measurements were done up to 8 kilogéuss, and the field intensity
was determined by a Rawson-Lush Type 829M52 rotating coil
gaussmeter.

All measurements were done with the magnetic field parallel

to the c-axis of the CdSe samples.

Electronics

The Hall coefﬁciént and resistivity were measured using the
van der Pauw method!. This method requires measuring voltage and
current across thq sample. in different configurations. Figure (I-4)
shows the circuit we built for the purpose of facilitating these
measurements. |

Both voltage and current were measured with a He{cvlett-
Packard 3478A multimeter. Current was generated by a Hewlett-
Packard 6181C DC current source.



Fig. (I-1) Schematic view of LT-3-110 Heli-tran end. *
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Fig. (I1-2) Schematic view of the sample holder. _
Fig. (I-8) Radiation shields and vacuum shroud arrangement.
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SAMPLES

Samples of n-CdSe doped with indium were obtained from two
different sources, as specified in Appendix I. Six of the samples, of
which four are on the insulating side of the transition, were
purchased from Cleveland Crystals; the remaining samples were
provided by the Institute of Physics, Polish Academy of Sciences in
Warsaw. For ease of identification the prefixes | and M denote
insulating and metallic, respectively.

Transport measurements above 8 K were carried out for
samples 11 to I3, 16, M1 to M3, and M6. Transport
measurements below 4.2 K were carried out for samples 14 to 16 and
are the subject of Chapter Il of this thesis.

Room temperature carrier concentrations and resistivities, as
well as the Fermi temperatures of all these samples, calculated on

the basis of the free-electron model, are listed in Appendix I.

Experimental Procedure

The samples were cut with their faces perpendicular to the c-
axis to a size of approximately 3mm X 4mm X 0.8mm. Using the van
der Pauw method, the resistivity and the Hall coefficient were
determined both at room temperature, and in the Heli-tran cryostat
between 8 K and 100 K.

In addition, data were obtained up to 200 K for sample M2,
with a carrier concentration of § X 1017 cm-3 and down to 1.25 K
for sample 16, with a }oom temperature carrier concentration of 2.4
X 1017 cm-3. These low temperature data were obtained in a

different cryostat, and will be discussed in detail in Chapter Il of
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this thesis. Hall coefficients were obtained in magnetic fields up to
8 kilogauss. Within a given run, the resistivity and the Hall
coefficient were determined to 0.5% and 3%, respectively; for both
measurements, the reproducibility from run to run was 3 to 4%.

In measuring resistivity and Hall coefficient care was
exercised to reverse current direction in order to eliminate thermal
voltages. In order to extract the Hall coefficient we took
measurements in opposite magnetic field directions. This enabled us
to eliminate magnetoresistive effects in the measured voltages, as
explained in detail in Appendix Il

Distortions due to ohmic heating of the sample were
eliminated by making sure our currents were low enough that the
voltage response was ohmic. Current versus voltage readings were
taken at various temperatures for this purpose. Typical currents of
500 pA to 1 mA were used. Low temperature measurements,
however, required currents as low as 20 to 50 pA in the case of our

most resistive samples.
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Fig. (I-d) Circuit for van der Pauw measurements of resistivity and

Hall coefficient.
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Carrier Conéentration. and Hall Factor

Carrier concentration n, and Hall coefficient Ry, are related by
the expression, n = ry/eRy, where ry is the Hall factor, defined as
follows: ry =pH/up. HH and pp are the Hall and drift mobilities,
respectively.

In determining the carrier concentration from room
temperature measurements of the Hall coefficient, it is customary
to set the Hall factor equal to 1, except in cases such as for silicon,
where careful studies using methods other than transport, such as
neutron activation,2 have enabled an independent determination of
the carrier concentration as a function of resistivity or Hall
coefficient.

Nevertheless, it should be noted that for non-degenerate
systemé, the Hall factor can differ from unity by more than just a
few percent. The studies of Mousty et.al.2 show that near the metal-
.insulator transition ry is as high as 1.3 for the case of silicon.

The Hall factor is given by <12>/<t>2, where t is the electron
scattering time. Classical anaiysis indicates that for electron
scattering by phonons, rqy = 1.18, and for ionized impurity scattering,
rq = 1.96, for the case of a Boltzmann distribution.3 Thus the Hall
factor is temperature and also compensation dependent, as the
latter can affect the relative importance of one type of scattering
over another.

In the study of the compensation of our insulating samples, we
briefly consider the effect that changes in the Hall factor would

have on our derived results.
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| should emphasize, however, that our real interest lies in
determining the compensation of samples on the metallic side of the
transition. The reason is that compensation seems critically to
affect band gap renormalization, which is an important element in
our analysis of the luminescence spectra in metallic CdSe. For the
case of degenerate materials, i.e. for most of our metallic samplés,
<t2>/<1>2 is exactly equal to one. In Appendix | we list the .
calculated Fermi temperatures for our different samples. We see
that for most metallic samples this temperature is well above 100
K, making them degenerate at the temperatures where we extract

compensations from the experimental values of the mobilities.

RESULTS AND DISCUSSION
A. Critical Concentration
Use of the Mott criterion,4

ngl3 ay = 0.26 + 0.05, (1)

where ay is the effective Bohr radius of the impurity center, yields a
critical concentration n<';= (3.1x14) X 1017’ cm-3 for uncompensated
CdSe. Hirsch and Holcomb5 studied the effect of compensation on the
critical carrier concentration nc¢ in Si:P,B. Their results agree
qualitatively with previous studies in compensated Ge, and show an
increase of nc with compensation K = Na/Np, where Np is the density
of acceptor impurities, and Np the density of donor impurities. They
find that the Ge data can be fit roughly by the form nc = ng(K=0) / (1-
K), whereas their Si data approximately follows the form ng =
nc(K=0) / (1- K)12, For typical values of the compensation in our
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samples, either of these two forms would give corrections which
are well within the error bars of our estimate for ng(K=0) for CdSe
obtained from the Mott criterion.

Data on an extensive series of samples near the metal-
insulator transition, presented in chapter Il of this thesis, shows
behavior consistent with Mott variable range hopping at low
temperatures, for concentrations up to 2.4 X 1017 cm-3. This
suggests that (compensated) n-CdSe is probably insulating up to at
least this concentration: On the other hand, zero temperature
extrapolations of the conductivity for sample 16 (no =2.4 X 10177 cm-
3), based on data down to 1.2 K do not tend to zero in the limit of
zero temperature. This in itself does not mean that the sample is
metallic, but that a more definitive determination of whether it is
really insulating requires going down to lower temperatures. On the
other hand, sample M1 with 3.7 X 1017 cm-3 exhibits metallic
characteristics. We can, therefore, very tentatively place the
éritical concentration at (3.0 £ 0.6) X 1017 cm-3 on the basis of the

data we have available at the moment.

B. Resistivity
Bi.Insulating Samples

Figure (1-5) shows a semilogarithmic plot of resistivity
versus inverse temperature for various CdSe samples on both sides
of the metal-insulator transition. From this figure it is apparent
that there are two distinct temperature ranges in which transport is
characterized by different activation energies. The slopes of the

straight lines observed at low values of 1/T (high temperatures)
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yield the parameter es, listed for samples 11 and 12 in Table I-1,
which we associate with activation to the conduction band because
they occur in the high temperature range of our data.

Conventional analysis of the conductivity of insulating doped

semiconductors relies on the well-known expression:®

o= o1 exp(-ei/kT) + o2 exp(—ea/kT) + o3 exp(—es/kT) . (2)

The first term refers to activation of electrons to the conduction
band, the second describes activation to the mobility edge in an
impurity D- band of double occupancy states and the last term, which
becomes dominant at low temperatures in compensated materials
refers to Miller-Abrahams (fixed-range) hopping. The prefactor o, of

the second term is the Mott minimum metallic conductivity
_ 2
¢ ,=0.026e"/ N c, (3)

where dgis the average separation between impurities at the

critical concentration ng.
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Fig. (I-5) Resistivity as a function of inverse temperature of n-type
CdSe spanning the metal-insulator transition.- The prefixes | and M

denote insulating and metallic samples, respectively.
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Fits of Eq. (2) to the straight line behavior at high values of 1/T
(lower temperatures) give for samples i1 and 12 the prefactors o,

and activation ehergies ey listed in Table I-1.

TABLE I-1. For samples 11 and 12, the parameters listed are e1, e1™,

2, e2H, and o,. Here ¢4, €2, and 62 are determined by fitting the
measured conductivity to o = ojexp(-e)/kgT) + c2exp(-e2/kpT). The
values g;H and e;H are obtained from the measured Hall coefficient.
Energies are determined within 0.2 meV.

Sample e (meV) eg1H(meV) ey(meV) eH(meV) 62(Q-m)-1

Il 8.7 54 2.7 2.2 290 £10
I2 6.2 4.3 2.3 1.3 380 £10

We suggest that the results of this fit are consistent with an
identification of the transport in this temperature range with
activation to double occupancy states above the mobility edge in an
impurity band. This is based on the fact that the experimentally
determined prefactor oy of Eq. (2) agrees fairly well with
theoretical predictions for the value of Mott's minimum metallic
conductivity in CdSe, and that compensation levels are low enough,
as we shall show later, that a D- band still exists which can support
doubly occupied electron states. At the critical concentration for
CdSe the average distance dc between impurity centers, Eq. (3)
yields a Mott minimum metallic conductivity omin of about 690 (Q-
m)-1 for uncompensated material. This number must be corrected for

the presence of compensation, which reduces the inter-impurity
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separation dc and shifts the critical concentration ng upwards.47 An
estimate of such a correction for typical compensations in our
samples yields an approximate value of about 800 (Q-m)-1. For
compensated samples, however, Fritzsche4 has argued that a correct
calculation of the statistics of correlated electrons yields a Fermi
energy which is a decreasing function of temperature, with the
consequence that the apparent (measured) prefactof can be
substantially reduced for sufficiently large compensation. At K =
0.5, for example, this effect reduces onin by a factor of two,
assuming a symmetric distribution for the'density of states, and
possibly "even further when Er lies in an exponentially decreasing
tail of an asymmetric density of states g(E). This means that our
theoretical estimate ofl o2 for K= 30% could be reduced from 800
(Q-m)-1 to pérhaps 500 to 600 (Q2-m)-1 which is quite comparable to
our measured value of 300 to 400 (Q-m)-1. In contrast, available
data on n-Ge for a wide range of compensations and concentrations
yield much smaller values of o3/Gmin rangihg between 10-2 and 10-3

for hopping processes.4:5.8

B2. Metallic Samples ‘

The resistivity of the four remaining samples, which we have
classified as metallic, is essentially independent of temperature
except for the samples M1 and M2 shown in Fig. (I-5), which are
closest to the transitioq. We note that in addition to giving
information regarding the number of available carriers, the
resistivity also reflects changes in their mobility. We suggest that

the decrease in the resistivity observed for samples M1 and M2 as



20

the temperature increases above about 50 K reflects predominantly
an increase in the mobility assdciated with reduced scattering from
ionized impurities. Further, the qualitative features of the high
temperature resistivity of the two samples straddling the
transition, namely the insulating 16 sample and the metallic M1
sample, are very similar, and reflect the fact that at temperatures
above approximately 50 K, electron transport for both takes place

mainly in the conduction band.

C. Hall Coefficient

Turning now to the Hall coefficients of the four insulating
~ samples shown in Fig. (I-6), one notes that they exhibit different
activation energies in the same two distinct ranges of temperature -
as the resistivity. These ranges are separated by a small maximum
or inflection point in the Hall coefficient which signals a change
from one dominant transport process to another. Except in the
vicinity of these crossdver regions (or at very low temperatures),
the Hall coefficient simply reflects the number of carriers, and not
their mobility.S

The activation energies eH, and eH, deduced from the Hall
measurements for insulating samples 11 and 12 are listed in Table |-
1. One should note that eH, is generally smaller than the e; deduced
from the resistivity, since the latter reflects changes in mobility
with temperature as well as changes in carrier number. The metallic
samples, of which we have plotted only M1, exhibit no structure at
all, indicating that the number of carriers is constant within the

range of temperature and the accuracy of our measurements.
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An interesting feature of our data for the insulating samples
is that the Hall coefficient and the resistivity exhibit apparently
different activation energies in the "e;" range, namely, where the
dominant mechanism is activation from the Fermi energy located in
a DO impurity band of single occupancy states to a mobility edge in
the D- band of double occupancy states. Similar results have been
observed in other materials. In particular, the activation energy
deduced for sample I2'from the Hall coefficient is about half as
large as that deduced from the fesistivity data. The same factor of
approximately 2 was found by Fritzsche?.10 in his classic work on
uncompensated (or low compensation) Ge:Ga over a reasonably
extended range of dopant concentrations near the metal-insulator

transition.

D. Magnetoresistance |

The magnetoresistance at 4.2 K of two insulating CdSe
samples |1 and 16, are plotted as a function of magnetic field up to
90 kG in Fig. (I-7). The resistivity decreases for fields up to 50 kG
and then increases at higher magnetic fields. Similar results were
- obtained for n-CdSe by Jaroszynski and Dietl,'' who ascribed the
negative magnetoresistance at low fields to the delocalization
associated with dephasing of backscattered waves, and the positive
magnetoresistance to the shrinking of the donor wavefunctions and

consequent shift in nc at high magnetic fields.
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Fig. (1-6) Hall coefficient as a function of the inverse temperature
for n-type CdSe samples 11 to 13, 16 and M1.
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Fig. (I-7) The magnetoresistance at 4.2 K as a function of the
magnetic field for two insulating n-type CdSe samples.
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E. Mobility and Compensation

In this section we determine the compensation for samples on -
both sides of the metal-insulator transition from the value of the
Hail mobility in the conduction band. The various scattering

mechanisms which determine the rﬁobility will be discussed.

E1. Insulating Samples

Fig. (I-8) shows a plot of the Hall mobility, calculated from the
relation uy = Ry/p, as a function of temperature for samples 11, 12,
16 and M1. For all samples, the mobility increases with increasing
temperature between 15 K and 90 K.

We have argued that both the Hall coefficient and the
resistivity data indicate that at temperatures above about 50 K,
transport occurs mainly in the conduction band for insulating
samples 11 to 16. As the temperature is lowered belo.w 50 K,
impurity band" conduction begins to play an increasingly significant
role. |
SCATTERING MECHANISMS

In the temperaturé range between 50 K and 100 K, ionized
impurity scattering constitutes the dominant scattering mechanism
determining thé mobility of conduction electrons, although neutral
impurity scattering also plays an important role. Piezoelectric
scattering gives a small, but non-negligible contribution, which we
take into account in determining compensation.1213 Both polar-
optical’3 and acoustic phonon'4 scattering are completely negligible
below 80 K, although the first of these is comparable to

piezoelectric scattering near 100 K.
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Fig. (I-8) Mobility versus temperature for three insulating (I1, 12,

and 16) samples and one metallic n-type CdSe sample.
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In Fig. (I-9) we plot the polar-optical scattering mobility ppo
for CdSe as a function of temperature, as determined by Burmeister
and Stevenson.13 We also plot the piezoelectric scattering mobility
Hpz.12 These latter mobilities and also the acoustic-phonon
scattering mobility pap are decreasing functions of temperature.
The acoustic-phonon scattering mobility is equal 29,000 cm2/Vs at
room temperature, and increases fairly rapidly as T goes down.

The mobility due to ionized impurity scattering, i, is

extracted from the Hall mobility, un, by using the relationl5

(1) = (1/un) - (1/uN) - (Vpp2) (4)

Where pun is the mobility due to neutral impurity scattering and pp; is
the piezoelectric scattering mobility for CdSe. The mobility un due
to neutral impurity scattering is determined from Erginsoy's!6
formula:

e’m’
20Re Ny, )

Here Ny is the density of neutral impurities, m* is the conduction
band mass!7 in CdSe, and e is the dielectric constant.

The piezoelectric scattering mobility is given by Hudson,12

_16(2_n)” S [( )av]]

“-pz- 3 3/2(k 1,)1/2I-m°d

, (6)
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Fig. (I1-9) Theoretical predictions for the polar-optical phonon and
piezoelectric scattering mobilities for CdSe. The first is due to
Burmeister and Stevenson. The latter is based on the calculation of

A. R. Hutson.
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where kg is Boltzmann'; constant, e is the electronic charge, and K
is an electromechanical coupling constant. The summation refers to
longitudinal and shear modes, and the averaging procedure is
described in reference 12.

The assumption in Eq. (4) that the scattering processes which
determine the mobility are independent of each other is not strictly
valid. Corrections to this formula would give a higher value for
and, consequently, a lower value for the compensation.18.19 We take
the effect of electron-electron scattering into account in our
determination of the compensation only for the metallic samples,
where it plays a more significant role.

BROOKS-HERRING FORMULA
' The compensation for the insulating samples 11 and 12 is
obtained from the value of the mobility due to ionized impurity
scattering by using the Brooks-Herring formula, suitably modified to

take into account correlations between ionized scattering centers:20

o7/ 282(k B.'.)a /2

M BT T 26N () -
where

f(x) = [In(1+ X) ~ 1—-"‘_—;]
and

6m’e(k ;1)

X = emems———
Run e
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Here € is the dielectric constant, m* is the effective conduction
band mass, N is the number of impurity scattering centers (Ny = n +
2Na), n is the number of charge carriers at temperature T, ng is given
by

| n+ N,
ng=n+(n+ N1~ N,

®

and Na and Np are the number of acceptor and donor impurities,
respectively. We have verified that we can indeed use the above
formula, which is valid only for the non-degenerate limit, by
comparing with results obtained from the expression of Mansfield?!
for the case of arbitrary degeneracy.

A fit of our data for samples {1 and 12 to Eq. (7) allows us to
obtain an estimate of the number of ionized impurity centers, N; = n
+ 2Nj, from which we extract the number -of acceptors Nao. The donor
density can then be determined from the room temperature Hall
coefficient which gives the exhaustion-range electron density ng =
Np - Na. This analysis yields estimates22 for the compensation K =
Na/Np of 0.2 to 0.25 for sample I1, and of about 0.35 for sample 12,
assuming a Hall factor of rq=1. If we make the assumption that the
Hall factor at the temperatures in question is close to the classical
value of ry = 1.96 for ionized impurity scattering, however, these
values are shifted upwards quite strongly. In the case of sample I1,

for example, K is shifted to a value close to 0.5.
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Fig. (I-10) Brooks-Herring predictions for the compensation of n-

type CdSe sample |1 as a function of temperature.

Figure (1-10a)

shows the results of the original Brooks-Herring formulation.
Figure (I-10b) shows the results of the modified version (Eq. (7))
which takes into account correlations between impurity scattering

centers.
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BANGE OF APPLICABILITY OF THE BROOKS-HERRING FORMULA

L. M. Falicov and M. Cuevas2? have pointed out that the Brooks-
‘Herring formula (Eq. (7)) is valid only if the electric potential
resulting from the ionized impurities is small compared with the
thermal energy ksT. One would therefore expect the applicability of
the formula to break down at sufficiently low temperatures. In Fig.
(I-10) we have plotted' the Brooks-Herring predictions for the
compensation as a function of temperature for sample i1, for the
case of the original Brooks-Herring formulation (a), and for the
modified version (Eq. (7)) which takes into account correlations
between impurity scattering centers (b). We note that both tend to a
constant value as the temperature increases above 50 K. We take
this constant value to be the true compensation. We have separately
verified that in the range from about 45 K to 80 K the ionized
impurity scattering mobility as extracted above is indeed consistent
with a T32 temperature dependence, as should be the case for the
Brooks-Herring formula.

Comparisons with the predictions of the Brooks-Herring
formula, and also of the modified theory of Falicov and Cuevas!8 for
low temperatures23.24 with our experimental results for p| below 60
K indicate that as we lower the temperature the contribution of
ionized impurity scattering to the mobility drops faster than
predicted by the theoretical expressions. We believe that this is
probably due to the increasing importance of impurity band
conduction. Below 15 K, where transport takes place mostly in the
D- impurity band, the value of the mobility begins to saturate, as
shown in Fig. (1-8), whereas the expression of Falicov and Cuevas
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predicts that pjgoes to-zero as T -> 0. Use of the Brooks-Herring
formula at too low a temperature can, therefore, lead to erroneous

determinations of the compensation ratio K.

E2. Metallic Samples

The compensation for metallic: samples M3 and M6 is
determined from the mobility in much the same way as in the case
of 11 and 12. However, we neglect neutral impurity scattering. This
is justified to some extent by the fact that the Hall coefficient

shows no freeze out of charge carriers.
The expression for yjis given in the degenerate limit by:

_ 3hae %n 0

b= :
' 16n%e’Nm H(x) ©

where all terms are defined above, but where x is now equal to
h2g(3ng)1/3/[2e2m*(8=)1/3], and where we have lifted the condition
that n=N; of reference 21.

Comparison with the results given by the full expression for
arbitrary degeneracy confirms that these samples are indeed in the
degenerate limit.

Equation (9) is obtained by treating the electronic screening of
the ionized impurities in the Thomas-Fermi approximation, and
assuming no electron-electron scattering, nor any correlations
between the impurity centers.

Various treatments of electron screening which improve upon
the above result are discussed by Lax and Narayanamurti.25 All
these schemes include the effects of electron exchange and
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correlations, but not of correlations between ionized impurity
centers. These calculations are: ..

(1) The Green's function technique of Toigo and Woodruff26é
with a Hartree-Fock type of decoupling of the expression for the

dielectric response function27

-~

1 - [1/e(k,0)] = [4ne2/k2] <<pk(l);pk+(0)>>ete.q,

where the symbol <<...>>fetg., stands for the Fourier transform with

respect to time of the retarded Green's function,

Gr = i0(t)<[pk(t),pk*(0)]>,
Pelt) = qua;, Jthag . St

with a+ and a Fermi creation and annihilation operators in the
Heisenberg representation.

— The Green's function G, satisfies an equation of motion which
couples it to higher order Green's functions in the usual fashion of
many-body theory. The decoupling mentioned above refers to a
simplifying assumption about the higher order Green's functions,
whereby these are expressed in terms of lower order Green's
functions in order to make the problem tractable.

(2) The Wigner distribution function method of Brosens,
Lemmens, and DeVreese28.29,.30 with a dynamic Hartree-Fock
decoupling leading to a frequency dependent local field correction
G(q,w).

| (3) An equation of motion technique of Singwi and co-
workers31.32,33 with a decoupling based on a density-dependent
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equilibrium pair-correlation function combined with a self-
consistent calculation of the pair-correlation function g(r) and
G(a) = G(q,0=0).

(4) A perturbation (in the electron-electron coupling) analysis
of exchange and correlation corrections by Holas, Aravind, and
Singwi34 which leads to a dynamical "lécal field" G(q,w) that can be
compared with Geldart and Taylor35 and with Brosens, DeVreese, and

Lemmens.29

The corrections introduced by all these treatments can be.
.subsumed in the f-function of the above expression for uj (Eq. (9)),

so that the new expression for the ionized impurity scattering
mobility becomes
3h%e2n 0

u,= 0
I 32n 2eaN|m 2f_1(x) ’ (10)

where f.1(x) is a function different from the previous f(x), and
depends on the particular treatment of screening. For clarity, plots
taken from reference 25 for f.1(x) are here reproduced in Fig. (I-11).

Table 1-2 shows the values of the compensation for samples
M3 and M6. We see that in all cases K is reduced from a Thomas-
Fermi value of about 0.45 for both samples, to a value of 0.33 and
0.20, depending on the particular treatment. The calculation of
Brosens et al. can givé markedly different results from Toigo-
Woodruff- and Vashishta-Singwi, especially for small x.36

A reduction in the value predicted for the compensation is -

what one would expect as a result of the inclusion of electron
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exchange and correlation effects. Coulomb repulsion and the Pauli
exclusion principle will tend to keep the electrons further apart
than in the absence of these effects, thus reducing the effectiveness
of the screening of the impurity charges. This translates into a
smaller value for the density of impurity scattering centers as
derived from the theoretical expression for the mobility, since not " -
as many scatterers are needed now to limit the electron mobility to
a given experimental value. The result is a smaller value for the

compensation prediction.

TABLE I-2. Values of the compensation K for samples M3 and M6
deduced from different treatments of the electron screening, as
discussed in detail in the text.

Sample Thomas-Fermi Vashishta-Singwl Toigo-Woodruff Brosens et al.

M3 0.45 0.32 0.29 0.22
M6 0.45 0.32 0.30 0.24




Fig. (I-11)

Plot of function f.1 from Ref. 25. Labels indicate the
particular screening treatment employed in the calculation.
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E3. Discussion of Uncertainties

Various authors have discussed the uncertainties!8.20,21,37
involved in theoretical formulations for the ionized scattering
mobility in the non-degenerate case. Based on these works,’ we
estimate the uncertainty in the compensation for insulating samples
11, and 12 to be very approximately 20 to 30%.

Uncertainties in theoretical determinations of pjin the
degenerate case have not been heretofore discussed in de_tail. There
are four main sources of possible error:

1) Errors incurred in extracting from the total measured
mobility the mobility due only to ionized impurities; the largest
contribution‘ which we have neglected is due to piezoelectric
scattering, which we estimate to be at most 5% of the total at the
températures in question.

2) Use of the Born approximation to calculate the scattering
rate, where the criteria for its validity are only marginally
satisfied on the metallic side. According L. Schiff's Quantum
Mechanics 38 the Born approximation is only applicable when the
following two criteria are satisfied,

ka >> 1, and
(2re2/hve) In ka << 1,
where k is the wave vector of the scattering electron, a is the
scattering potential screening length, which is given by Mansfield2!
as
a'= (eh/4ne)[m"(3no/xn)]-1/2,
v is the velocity of the electron, ¢ is the dielectric constant in CdSe,

h is Planck's constant, ng is the electron density and m’ is the
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conduction band mass. Although the criteria for the validity of the
Born apprdximation are not met very well, as shown in the table
below, the departure from these criteria is not too severe.

Sample (2re2/hve) In ka ka
M3 086 3.13

Mé 0.81 3.30

Using as a guide estimates of uncertainties obtained in
detailed studies of the non-degenerate case,37 we suggest that this
could lead to errors on the order of 10, or at most 15, percent.

3) Different treatments of the electronic screening of the
impurity charges, which yield values of compensation which differ
by as much as 30% for samples M3 and M6. Our overall estimate of
the uncertainty in the compensation values due to the three
preceeding sources is therefore very roughly 50%. It should be
noted, however, that unlike the experimental error which is random
and on the order of 5%, the uncertainty associated with the
theoretical treatment is systematic in all instances. Thus, relative
values of the compensation have been determined more reliably than
their absolute values.

4) Neglecting the effect of multi-ion screening by the electron
gas. This effect is discussed in detail by Meyer and Bartoli39 for the
case of uncompensated degenerate semiconductors. The treatment
of Meyer and Bartoli is based on the realization that electrons are
never able to screen a given ion in a multi-ion sysfem as well as

they can screen the same ion in a single-ion system. The
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correctness of this cléim is discussed by the authors. The basic -
idea is that any given electron charge is now shared by several
impurity cenferé. |

As in the case of electron correlation and exchange effects,
the inclusion of multi-ion screening effects into the theory resulits
in a reduction in the theoretically predicted effectiveness in the
screening of the impurity scatterers. This results in smaller
theoretical values for the ionized impurity scattering mobility and
the compensation.

Meyer and Bartoli carry out phase-shift calculations for the
electron mobility in uncompensated silicon and germanium including
the effects of multi-ion screening and obtain often substantial
corrections (as much as factor of 4) to the predictions of single-ion
treatments. Their predictions appear to agree better with
experiment.

Although it is hard to estimate at this point the error
introduced by neglecting muiti-ion screening in degenerate
compensated sémiconductors. it seems fairly safe to assume that
this omission leads to.a significant overestimation of the magnitude
of the compensation. Our determinations of the compensation from
'transport data should therefore be taken more as an indication of the
relative compensations of the samples than a measure of their

actual compensations.

F. Comparison with Other Data for CdSe
Measurements of the.resistivity and of the Hall coefficient as

well as the magnetoresistance have been obtained by Finlayson et
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al.14 for Cr-doped CdSe with electron concentrations comparable to
ours. We note that the features of their Hall coefficient data differ
from ours for carrier concentrations comparable to samples 11 and
12 of the present studies. Whereas in our data the g; and ¢, regiohs
are separated by an inflection point and there is a non-negligible
slope in the e, region, 'their data exhibit a clear maximum separating
both regions and fairly flat behavior in the range of impurity band
conduction. Finlayson et al.14 claim that their Hall coefficient data
at these temperatures can be ascribed to conduction above the
mobility edge in a single occupancy impurity band. The claim that
only a single occupancy lower DO band exists is based on their
conclusion that D-levels are virtually non-existent due to the very
heavy compensation of their samples, which they estimate, using the
Brooks-Herring formula, at about 80%. We note, however, that we
have applied this formula to their published values of the mobility
at temperatures of 40 K and 50 K, for their sample with ng = 1.2 X
1017 cm-3, and we deduce compensations of 50% or less, which is
considerably lower than the values they claim,40 and which would
imply that one may not be able to rule out the presence of a D- band.
Even if we assume a Hall factor ry of 2, which is the value of ry in
the classical treatment of ionized impurity scattering,3 we deduce a
compensation no higl:ner than 65%. This suggests to us that the
observed differences in the Hall coefficient are more likely to
originate with the different nature of the impurities ("magnetic" Cr
compared to In) and/br.the rather high densities of Cr added to the
samples during the growth of their crystals, rather than the absence

of a D- band. Nevertheless we cannot rule out the latter possibility.

-



41

Summary and Conclusions

We have presented experimental data for the resistivity and
Hall coefficient between about 8 and 80 K, and the
magnetoresistance to 9 T, of a series of CdSe samples with donor
concentrations spanning the metal-insulator transition. The generél
features of the data, and measurements on selected samples to
lower temperature (1.2 K) yield a critical carrier concentration for
(compensated) CdSe of (3.0 £ 0.6) X 1017 cm-3, an energy &; which we
associate with carriers activated into the conduction band and an
energy ez which, we argue, is attributable to impurity band
conduction at intermediate temperatures.

Using the Brooks-Herring formula for insulating material, and
an appropriate expression for the ionized impurity scattering
mobility in metallic samples, we have used the measured Hall
mobility to estimate the (relative) level of compensation of our In
doped CdSe material for metallic as well as \insulating material. To
our knowledge, this is the first application of recent theory to
attempt to estimate compensation fof metallic samples using

transport data.
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CHAPTER 1
TRANSPORT MEASUREMENTS OF n-DOPED CdSe BELOW 4.2 K.

INTRODUCTION

In this chapter we report on méasurements of the resistivity
and Hall coefficient in n-doped insulating CdSe near the metal-
insulator transition, in the range from 1.2 K to 4.2 K. The resistivity
in this range exhibits a temperature dependence consistent with
Mott variable range hopping. More interesting, however, is the fact
that we are able to detect a measurable Hall coefficient whi¢h also
exhibits a temperature dependence of the form
RH ~ exp [ToH/T]1/4, where ToH is a constant which depends on
magnetic field but not on temperature. -

Variable range hopping occurs via quantum-mechanical phonon
assisted hopping between localized sites and not via extented state
conduction. Since the charge carriers cannot be assigned a classical
velocity during hops from site to site, it is not immediately obvious
that there should be a Hall effect in the temperature range where
hopping transport is dominant. Theoretical work on the subject has
shown that a non-vanishing Hall coefficient is nevertheless possible
as a result of quantum interference.1.2

Before the work of Holstein! in 1961, theoretical treatments
of the Hall effect in the hopping regime considered quantum
mechanical transitions which involved only the initial site and the
destination site for the localized electron and did not provide a
mechanism for the presence of a Hall effect. By considering hopping

péths between two sites which include multi-hop processes,
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Holstein showed that the jump rate can depend on magnetic field.
This field dependence comes about as a result of the interference
between direct and indirect paths and is the source of a non-zero
Hall voltage.

In line with a suggestion made by Friedman and Pollak3,
subsequent work by Gruenewald et al.4 and Nemeth and Muhischlegel5
has predicted a temperature dependence for the Hall coefficient of
the form Ry ~ exp[ToH/T]1/4, in the variable range hopping regime. Up
. until very recently,6:7 -however, measurements of the Hall
coefficient at low temperatures for heavily-doped semiconductors
on the insulating side of the transition have either not been able to
detect any Hall voltage or have only exhibited a temperature
dependence consistent with conduction due to electrons activated
above the impurity band mobility edge.8:9,10,11,12

Amitay and Pollak8 and R. Klein® carried out ac Hall effect
measurements in p-type germanium and n-type silicon, With room
temperature charge carrier concentrations two orders of magnitude
below the critical concentration for the metal-insulator transition.
The purpose of such low carrier concentrations was to eliminate as
much as possible the contribution to the Hall conductivity coming
from activated carriers. Low temperature measurements failed to
detect a Hall effect due to hopping conduction in the impurity band,
setting an experimental upper bound for the hopping Hall
conductivity, a factor of six below the value predicted by Holstein's
theory.

More recently, D. W. Koon and T. G. Castner,€ claimed to have

found evidence for a variable range hopping form of the Hall
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coefficient temperature dependence in arsenic-doped silicon
samples, with carrier concentrations in the range between 0.9 and
0.98 of the critical concentration. The measurements reported here,
done at considerably lower fields than those used in ref. 6, are
consistent with a T-1/4 temperéture dependence for the Hali
coefficient in the variable range hopping regime, for samples with
carrier concentrations close to the metal-insulator transition. The
result‘s differ in detail, however, from those of Koon and Castner, as
discussed below. The proximity to the critical concentration means
that there is quite significant wavefunction overlap between charge
carriers. This would imply a much higher jump rate between
localized sites according to Holstein's formulation for the Hall
effect, since his expreésion for the tranfer integral depends on
wavefunction overlap, which is a strong function of concentration.
Correlation effects will possibly play a significant role in this
case, requiring perhaps important modifications in Holstein's

original formulation.

APPARATUS

Transport data below 4.2 K were taken in a cryostat designed
by Dr. Apurba Roy and built at the CCNY Science machine shop. A
schematic of the cryostat is shown below.

The sample chamber is under vacuum. Refrigeration is
provided through thermal contact with a He4 pot; the He4d liquid in
this pot can be pumped down to approximately 1.2 K.

The sample holder is a two stage holder made of annealed

‘copper and screwed on to a copper extension connected to the He4
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pot. Apiezon N greése was used to ensure good thermal contact to
the pot. The sample was heat sunk with Apiezon N grease to one of
the holder stages using a layer of cigarette paper glued to the copper
with GE 7031 varnish. A calibrated carbon-glass thermometer was
mounted in a hole drilled into one of the sample holder stages and
heat sunk by a) applying Apiezon N grease to the body of the
thermometer, and b) heat sinking the thermometer leads to the
copper sample holder body over a length of 4 inches using cigarette
paper and GE 7031 varnish. All temperature measurements were
‘taken at zero magnetic field.

Temperature control was done with a Lakeshore pressure
regulator. This allowed a temperature stability of about 2 mK. The
magnetic field for Hall coefficient and magnetoresistance

measurements was provided by a superconducting 9 tesla magnet.
Samples and Measurements

The samples used for transport measurements below 4.2 K are
listed in Appendix |. They are labelled 14, I5 and 16 and their
concentrations relative tb the critical concentration n¢g range from
0.73 to 0.80.

CdSe is self-compensating and is also very likely to contain
various p-type as well as small amounts of other n-type impurities.
Based on measurements of the temperature dependence of the Hall
mobility above 7K, using the same set up described in Chapter | of
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Fig. (I1-1) Schematic of cryostat for transport measurements below
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this thesis, and using rough theoretical estimates for the various
scattering mechanisms as described in that chapter, we have
estimated the compensation in these samples to be approximately
40 to 50%.

The resistivity and the Hall coefficient were measured using
the van der Pauwl3 geometry and standard DC techniques. Data weré
obtained between 1.25 and 4.2 K in magnetic fields from 0.2 to 1T.
In addition, the magneto-resistivities of samples I1 and 16 were
measured to 8T.

Hall coefficient measurements were taken in opposite
magnetic field directions, in order to eliminate magnetoresistive
effects in the measured voltages, as explained in Appendix Ill.
Currents were reversed in all measurements to eliminate thermal
voltages. Heating effects were checked by studying the voltage
versus current characteristics for all samples, at various
temperatures. Currents were then limited to the linear portions of

the | vs. V curves. Typical currents ranged from 100nA to 500nA.

Resistivity and Magnetoresistance

Except possibly for sample 16 which is closest to the
transition, a good fit is obtained to the Mott variable range hopping

form

p = po exp (To/T)1/4 (1)
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as demonstrated in Fig. (ll-2a), where the logarithms of the
resistivities of samples 14, 15 and 16 are plotted as a function of
T-1/4, Figures (l1-2)(b) and (c) show that neither a T-1 plot,
corresponding to activated conduction, nor a T-1/2 plot, expected for
a Coulomb gap associated with electron-electron correlations, offer
as good a fit. It should be mentioned, however, that the measured
resistivity of sample 16 which is closest to the metal insulator
transition ié consistent also with an exponent smaller than 1/4 (but
greater than zero). The weaker temperature dependence may
beassociated with some measure of delocalization in these samples
in the range of temperature of these experiments.

The slopes of the curves of Fig. (ll-2a) decrease as the metal-
insulator transition ‘is approached and represent the parameter Ty of

Eq. (1) given by the expression
To = B/(k N (EF) &3) 2)

Here, £ is the localization length, N(EF) is the density of (localized)
states at the Fermi energy, kg is Boltzmann's constant, and the
constant B is approximately equal to 18. The parameters To deduced
from our data are listed in Table IlI-1 for samples 14, 15 and 16. It
should be noted that although earlier measurements of the
resistivity of sample 16 to higher temperatures indicate that the
variable range hopping behavior extends to even higher
temperatures of about 10K, the low value of Ty deduced for this
sample implies that some delocalization is expected in the range of

temperature of these experiments, so that parameters deduced for
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Fig.' (I-2a) 'Semilogarithmic plot of the resistivities of samples 14,
I5 and 16 versus T-1/4, showing a good fit to the Mott variable range
form given by Eq. (1). The resistivity is in Q-cm.
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Fig. (l1-2b) Semilogarithmic plot of the resistivity of sample 15
versus T-1, showing that the activated conduction form does not
provide a good fit to our data. The resistivity is in Q-cm.
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Fig. (ll-2c) Semilogarithmic plot of the resistivity of sample 15
versue' T-1/2, showing that the form expected for the presence of a
Coulomb gap associated with electron-electron correlations does
not provide as good a fit as T-14 to our data. The resistivity is in Q-

cm. T-12 temperature dependence is not completely ruled out,

however.

Sample I5.
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this sample in the analysis given below should be viewed with some

caution.

TABLE II-1. Important parameters of samples 14, 15 and 16. & is
the localization length, R is the hopping length at 4.2 K, d is the

inter-donor separation. Al lengths are in angstroms. To is in kelvin.

SAMPLE To RE & R d
l4 1973 098 361 355 127
I5 445 068 593 402 127
16 1.3 0.28 1912 539 123

'Using Eq. (2) and the expression for the hopping length
R = [8xksTN(EF)/(95)]1/4 (3)

to eliminate the density of states N(Ef), we obtain the relation

a1 74
2ol [ “

Values of R/E deduced from this expression at 4.2 K are listed
in Table II-1. Also listed in Table 1l-1 are the hopping length R and
the localization length & deduced from a very rough estimate for
N(EF) of 2x1019(ev-cm3)-1, and the average distance between
donors, d=Np1/3, where Np is the number of donors.

We note that the hopping length is larger than d, as should be

the case for variable range hopping. Less reassuring, however, is
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that in the range of these measurements the hopping length is
comparable with the localization length for sample 14, and R/{;
bécomes progressively smaller for I5 and 16. It should be noted,
however, that the resistivity does nevertheless fit the variable
range hopping form given by Eq. (1) measurably better than a number
of other forms, including activated conduction, formulations which
include electron correlations (this formulation may not be excluded,
on the basis of our data) and the simple power law behavior expected
for near-neighbor hopping diffusion within a localization length.
Similar behavior consistent with Eq. (1) in a range of temperature
where one can infer that R is appreciably smaller than £ has been
observed by Ovadyahul4 for insulating, disordered, three-
dimensional vanadium oxide films with carrier concentrations near
the metal-insulator transition. One should, nevertheless, bear in
mind that this éxperimentally observed temperature dependence
could possibly derive from a process other than Mott variable range
hopping, particularly for samples near the transition.

The logarithm of the resistivity of sample I5 at various fixed
magnetic fields between 0.3 and 1T is shown in Fig. (lI-3), again as a
functidn of T-1/4, The variable hopping form continues to describe
the resistivity in magnétic fields up to 1T; if' any deviations occur,
they are quite small. As evidenced by the decreasing slope, the
parameter To decreases with increasing magnetic field, an effect
presumably associated with the delocalizing effect of the field and
a consequent increase in the localization length &, as further

discussed below.



57

Fig. (1-3) The logarithm of the resistivity of sample 15 at various
fixed rhagnetic fields, as a function of T-1/4, The slope decreases
with magnetic field, an effect presumably associated with the
delocalizing effect of the magnetic field. The resistivity is in Q-cm.
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The effect of a magnetic field is clearly demonstrated in Fig.
(1-4) where the magnetoresistance at 4.2 K is shown as a function
of field to 8T for samples I1 and 16. As in most materials near the
metal-insulator transition, the magnetoresistance is net negative at
low fields; in both the weakly localized and the hopping regimes,
this has been ascribed to field-induced changes of phase. The
dominant effect at higher fields is to shrink the impurity wave
functions, leading to an increase in the resistivity. It is clear from
this figure, and Fig. (lI-5) which shows the magnetoresistance of
sample 15 at various temperatures in fields to 1T, that the
mechanism which gives rise to negative magnetoresistance is
dominant in this range of magnétic fields. It should be noted that
the Hall coefficient data presented and discussed later were all
taken in magnetic fields no higher than 1T.

Returning to Fig.. (1l-8), it is evident that the parameter T,
| varies with magnetic field, becoming smaller as the field increases.
Values of To(H) deduced from least mean square fits to the data at
~ different magnetic fields are listed in Table 1l-2. If we assume that
the density of states N(Ef) does not vary with field, and we assign
the observed field dependence of T, entirely to a change in the
localization length &, then Eq. (2) gives the relation

[To(0)/To(H)]'/3 = [£(H)/E(0)], (5)

where To(0), £(0) and To(H), &(H) refer respectively to the values of
the parameters at zero field and finite field H. A plot of this
quantity is shown in Fig. (lI-6) as a function of magnetic fields to
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1T for samples |4 through 16. In all cases the localization length
increases with magnetic field, and this increase becomes more

pronounced as the critical concentration ng is approached.

TABLE 11-2. Values of the parameter To(H) at different magnetic
fields for sample 15. Notice the decrease in To(H) with increasing

magnetic field.

Magnetic Field (tesla) To(H) (kelvin)
0 445
0.3 ' 42.0
0.5 39.3
0.7 36.8
1.6 33.7

Hall Coefficient and Mobility

The Hall Coefficient R4(H) was measured in several fields up
to 1T at temperatures between 1.25 and 4.2 K. Care was taken to
insure that the results were independent of measuring current,

- which was typically held below 10-3 amp. Data obtained at 1T for
samples 14, I5 and 16 are shown in Fig. (ll-7a). Data at lower fields

are comparable, although somewhat noisier. All results are
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Fig. (Il-4) Magnetoresistance at 4.2 K as a function of magnetic .

field, for samples 11 and I6.
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Fig. (Il-5) Magnetoresistance of sample IS5 at various temperatures
in fields to 1T. Figures (ll-4) and (1I-5) show that the mechanism

which gives rise to negative magnetoresistance is dominant in the

range of magnetic fields used in the measurements discussed in this

chapter.
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Fig. (11-6) Plot of £(H)/E(0) as a function of magnetic field to 1T for
samples |4 through 16.. In all cases the localization-length increases
with magnetic field, and this increase becomes more pronounced as

the critical concentration nc¢ is approached.
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consistent with an expression similar to that which describes the

variable range hopping resistivity, namely,

1/ 4
T,(H
Ry T exP[KHa"(H[_gr—] ] , (6)

where we have allowed for the possibility that Kyan(H) derived from
the slope of the curves of Fig. (lI-7a) varies with magnetic field. We
also plot the logarithm of R{(H) versus T-1 to show that the Hall
coefficient does not fit an activated form. Figure (lI-7b) shows that
we cannot eliminate a T-12 dependence on the basis of our data; it
should be noted, how'ever, that there appears to be no theoretical
basis for expecting such behavior. 345 A least mean square fit to Eq.
(6) of data for all samples at various magnetic fields to 1T yields

values for KnHali(H) listed in Table 1I-3.

TABLE I11-3. Values of the parameter KHaji(H) at various magnetic
fields for samples 14, 15, and 16.

SAMPLE 03T 05T 07T 10T
14 030  0.34 0.37 0.40

15 0.29 0.34 0.37 0.39
16 037 045 046 048
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Fig. (ll-7a) Logarithm of the Hall coefficient at 1T for samples 14,

15, and 16 plotted as a function of T-1/4,

Hall Coeffictient (cm**3/Coulomb). H=1T
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Fig. (lI-7b). Logarithm of the Hall coefficient at 1T for sample 15,
plotted as a function of T-1. We also plot a straight_line whose slope
is obtained from a least mean squares fit to the data. The Hall

coefficient is in cm3/Coulomb.
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Fig. (Il-7c) Logarithm of the Hall coefficient at 1T for sample 15,
plotted as a function of T-1/2, We also plot a straight line whose
slope is obtained from a least mean squares fit to the data. The Hall

coefficient is in cm3/Coulomb.

3.9 'Sample. 15
|
3.8 -
In RH
3.7 4
H=1T

3.6 f ] T T ' T T T T

0.4 0.5 .0.6 0.7 0.8 0.9

T -1/2



67

The logarithm of the Hall mobility, u4 = RH/p, is plotted as a
function of T-1/4 for samples 14 through 16 at 1T in Fig. (lI-8), and
for sample 15 in various magnetic field in Fig. (I1-9). Given that both
Ry and p are consistent with the variable range hopping form, it
follows that the Hall mobility which is their ratio, fits the same
experimental form equally well. In particular, it is clear from Egs.
(2) and (6) that

| 1/ 4
: T '
e °""[‘ - KHan)[' ' ] ] (7)

As js true for the resistivity shown in Fig. (lI-2a), the
mobility exhibited in Fig. (II-8) continues to obey the same
temperature dependence in finite field as it does at zero field.

The theory of the Hall effect for hopping conduction was
initially developed by Holstein! and Friedman2 who showed that a
non-vanishing Hall effect was possible as a result of quantum
~ interference. On the basis of these ideas, Gruenewald et al4 carried
out a percolation path calculation for the conductivity and Hall
mobility for the variaple-range-hopping case, using three-site
clusters. Their results reproduce Mott's expression for the
conductivity, Eq. (1) above, and predict for the Hall mobility,

In puy ~ -3/8 (To/T)1/4 (8)



68

where Ty is given by Eq. (2). This implies that a zero field (1-KHan) =
3/8 and the parameter Kngaj of Eq. (5) which characterizes the
behavior of the Hall coefficient in the limit of zero field has the
value 5/8.

The parameters KHaj deduced from our data and listed in Table
11-3 are plotted in Fig. (1I-10) as a function of magnetic field for
samples 14, 15 and 16. We find that KHaj is a weak function of
magnetic field (except possibly at the lowest field of 0.3T, where
measurements involve the largest error), and extrapolations to zero
field yield values which are approximately the same for all three
samples within the accuracy of our measurements. The resulting
values of KHal are considerably smaller than the 5/8 predicted by
Gruenwald et al.

In a recent study of a series of insulating Si:As samples near
the metal-insulator transition, Koon and Castners have claimed that
the Hall coefficient follows a variable range hopping form similar to
the temperature dependence we report here for n-CdSe. Unlike our.
results in CdSe, however, they claim that Kqaj for their system
extrapolates to the expected value of 5/8 at the critical
concentration. Several factors may account for these differences.
Our results were obtained for compensated CdSe while their data
were for uncompensated Si:As. A more important difference may
stem from the fact that the results on Si:As were obtained from
extrapolations of data taken at considerably higher fields above 1T.
The magnetoresistance is positive in this range of magnetic fields,
and the physical processes giving rise to the Hall coefficient may be

significantly different from what they are at lower fields.



Fig. (11-8) Logarithm of the Hall mobility plotted as a function of
T-1/4 at 1T for samples 14, 15, and 16.
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Fig. (1I-9) Logarithm of the Hall mobility plotted as a function of
T-1/4 at various magnetic fields for sample 15. The Hall mobility is
in cm2/V-s,
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Fig. (11-10) Plot of the parameter Knan as a function of magnetic
field for samples 14, 15, and 16. Zero field extrapolations yield
values considerably smaller than the 5/8 predicted by Gruenewald et

al.
0.5
-]
J n
- ]
0.4 2
| $
K Hail o 14
] ® |5
o B |6
0.3 - ,
0.2 r T v T r Y v T
0.2 0.4 0.6 0.8 1.0 1.2

Fleld(T)



REFERENCES

1 T. Holstein, Phys. Rev. 124, 1329 (1961).

2 . Friedman and T. Holstein, Ann. Phys. 21, 494 (1963).
3 L. Friedman and M. Pollack, Phil. Mag. B38, 173 (1978).

4 M. Gruenewald, H. Mueller, P. Thomas, D. Wuertz, Solid State Commun. 38, 1011
(1981).

5 R, Nemeth and B. Muhischlegel, Solid State Commun. 66, 999 (1988).

6 D. W. Koon and T. G. Castner, Solid State Commun. 64, 11 (1987).

7 W. Sasaki, Phil. Mag. B52, 427 (1985).

8 M. Amitay and M. Pollak, J. Phys. Soc. Jpn. Suppl. 21, 549 (1966).

9 Robert S. Kiein, Phys.-Rev. B 31, 2014 (1985).

10 M, J. F Le Hir, J. Phys. (Paris) 28, 563 (1967).

11 F, R. Allén and C. J. Adkins, Phil. Mag. 26, 1027 (1972).

12 D, M. Finlayson, J. Irvine and L. S. Peterkin, Phil. Mag. 39, 253 (1979).

13 |, J. van der Pauw, Philips Res. Repts. 13, 1 (1958). See also Chapter | of this
thesis.

14 Tzvi Ovadyahu, preprint.

72



73

CHAPTER Il

LUMINESCENCE AND EXCITATION SPECTRA OF HEAVILY DOPED
n-TYPE CdSe ON THE METALLIC SIDE OF THE METAL-
INSULATOR TRANSITION.

I. INTRODUCTION

In this chapter we discuss the results of a study of heavily
~doped n-type CdSe on the metallic side of the metal-insulator
transition using luminescence and excitation spectra as probes.
This is the first time that luminescence and excitation spectra have
been obtained for n-type CdSe samples on the metallic side of the
transition, although luminescence spectra for heavily doped n-type
CdS on the metallic side of fhe transition had previously been
obtained by S. Geschwind! and by Kukimoto et al.2

The luminescence spectra for metallic n-CdSe and n-CdS are
very similar. They are both quite asymmetric and exhibit a high-
energy threshold and a low energy tail. Figures (lli-4) and (liI-5)
show plots of these spectra for CdSe. The CdS spectra were studied
theoretically by S. M. Girvin! who proposed a model to expléin the
carrier concentration dependence of the energy at which these high-
energy thresholds occur. This model successfully explains the
monotonic progression of the thresholds with carrier concentration
found experimentally for CdS, and is able to predict their location to

within 10 meV, a quite remarkable achievement in light of the fact
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that a simple Burstein shift3 calculation of these thresholds is off
by as much as 100 meV for some of the samples Girvin analysed.

Our experimental determination of the high-energy thresholds
for CdSe exhibit an unexpected non-monotonic progression with
carrier concentration. We have applied Girvin's model to the case of
CdSe and compared these predictions with our experimental results.
This is discussed in Sect. VIl of this chapter. We find that although
the predictions are still approximately within 10 meV of the
experimentally determined thresholds, the model fails to explain the
non-monotonic progression of the threshold locations with carrier
concentration. A plot of this progression is shown in Fig. (1ll-6), and
a plot of the predictions based on Girvin's model is shown in Fig.
(11-12). |

Section VIIlI of this chapter presents a modification proposed
by us of the original Girvin model and based on work by L. Vina and M.
Cardona.45 This modification, which consists of a model to account
for the effect of compensation on the size of the fundamental band
gap, an effect not included in the original Girvin treatment, is able
to explain the non-monotonic progression of the threshold energy
with carrier concentration. Given the limited amount of data
available to us, however, we are not able to definitely establish the
correctness of the modified Girvin model which we propose, but we
discuss some of the features which make it quite plausible.

The key role played by band gap renormalization due to
compensating impurities in explaining our experimental results led
us into a search for acceptor impurities in metallic n-type CdSe. In

particular we wanted a more definitive proof of the presence of
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acceptors than the indirect evidence already available to us from the
transport studies of these samples. Section VI, on the long
wavelength luminescence of n-type C_dSe on the metallic side of the
metal-insulator transition, presents what we believe are the first
observations of luminescence due to electron recombination into

acceptor states in metallic n-doped semiconductors.
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il. SAMPLES
A list of the metallic samples investigated is presented in
appendix I. We include their room temperature charge carrier

concentration, Fermi wave vector and Fermi temperature.

IIl. EXPERIMENTAL PROCEDURES
A. Sample Preparation

Samples were treated to. eliminate the surface oxide layer that
forms when the crystals are exposed to air, and to minimize surface
defects which could mask the true bulk luminescence of the
crystals. Two different surface treatment methods were used for
thé experiments carried out at The City College of New York and at
the AT&T Bell Laboratories, respectively. The luminescence
experiments were repeated on the same samples at both facilities
with i'deniical results, thus confirming the correctness of the
experimental data. -

At AT&T Bell Laboratories the 'sample surfaces were polished
with 3 micron grain aluminum oxide and subsequently polished with
a slow edging solution of bromine methanol. They were then stored
in a dessicator for less than 24 hours and transferred into the
optical cryostat the day of the experiment. At The City College of
New York the samples were cleaved along the crystal c-axis minutes
before the experiment and immediately transferred into the
cryostat. Once in the cryostat the samples were either kept in
vacuum or in a Helium liquid or gas environment.

All sample crystals had also been oriented prior to the

experiments, but it was found that the luminescence spectra were
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independent of sample orientation or direction of polarization of the
excitation radiation. At City College the samples were oriented by
the Laue technique of x-ray diffraction. This allowed us to |
determine the direction of the crystal c-axis to within 5 degrees.
At the Bell Laboratories samples were oriented using an x-ray
orientation goniometer by finding the Bragg peak for reflection of
the K¢ line copper radiation off the 001 plane in the CdSe crystal. -
The crystal c-axis was determined to better than 20 minutes of arc
by this method.

B. Apparatus and Technique
B1. Luminescence | '

This work was carried out at The City College of New York, in
the laboratories of Professor H. Cummins. | gratefully acknowledge
the assistance of Dr. Wing-Kee Lee.

The experimental set up is shown in Fig. (lll-1). Radiation of
wavelength 5145 A or 4880 A from a Coherent Model 52 Argon lon
laser operating in single mode is focused by lens L1 (focal length of
approximately 13 cm) onto the sample surface. The luminescence
light is collected by the lens L2 (focal length of approximately 10
cm) and then focused at the entrance slit of a Spex 1401 double
monochromator spectrometer with a resolution of about 4 cm-?
(approximately 0.5 meV). The signal, typically on the order of
thousands of photons per second near the spectral peak, is then
detected by a photomultiplier tube and the data stored in an IBM PC

microcomputer.



78

The irradiated area on the sample is about 100 mm in diameter
and the power at the surface is close to 0.13 mW. This means that
the intensity at the sample surface is on the order of 1 W/cm2,
which is many orders of magnitude below the excitation energy
densities needed to produce electron-hole plasmas or even high
density exciton systems in insulating CdSe.3 We can therefore
safely neglect any effect of the laser light on the electron
population density in the sample.

Freshly cleaved samples were put into a Janis Model 8DT
optical cryostat. The samples were immersed in superfluid Helium,
and the temperature, measured by a carbon-glass thermometer, was

close to 2 K.
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Fig. (Ill-1) Experimental set-up used at CCNY for luminescence

experiment.
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B2. Luminescence |l and Excitation Spectra

This work was carried out at the AT&T Bell Laboratories in
Murray Hill, New Jersey, in the laboratories of Dr. A. Pinczuk. |
gratefully acknowledge 'the assistance of Dr. Gillard Danan.

The experimental set up is shown in Fig. (llI-2).

Monochromatic radiation of wavelength in the range from 6600 A to
7000 A from a Coherent Model CR- 599 dye laser is focused by a
cylindrical lens (L2; focal length of approximately 50 mm) onto the
sample surface. The fluorescence light is collected by lens L3 (focal
length of approximately 300 mm) and then focused at the entrance
slit of a Spex 1404 double monochromator spectrometer with a
resolution of about 1 A. (approximately 0.25 meV at these
wavelengths). The signal is detected by a photomultiplier tube and
the data stored in an AT&T microcomputer.

The samples are immersed in superfluid Helium, in a Janis
Model 8DT optical cryostat. The operating temperature, measured by
a carbon-glass thermometer, was 1.7 K in most instances. Some .
measurements were performed by cooling the samples with vapor
from a pumped Helium bath. The temperature was then 3 K. No
noticeable difference in the spectral linewidths was detected on
account of this temperature difference.

The dye laser was supplied with DCM dye. This dye lases in the
range from 6200 A to 7000 A. The birefringent filter in the laser
then selects a single output wavelength, with a resolution of better
than a fraction of an angstrom. The dye laser was pumped by 5145 A
light from a Spectra Physics Model 171-01 Argon lon laser.
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The dutput intensity of the dye laser was about 150 mW. This
radiation was then filtered down to nearly 10 uW, a quite adequate
pumping intensity for fhe strongly luminescent CdSe crystals at
these low temperatures. Typical luminescence signals were on the
order of thousands of photon counts per second per wavelength, for a .
‘noise to signal ratio of better than 5 percent. |

The irradiated ‘area on the samples was close to 0.2 mm2,
making the intensity at the surface about 5 mW/cm2. At these
excitation energy densities the perturbing effect of the laser light
on the conduction band electron population density in the CdSe

crystals is completely negligible.8

Cryostat. Fig. (l1I-3) shows a schematic diagram of the 8DT
Janis optical cryostat. 'Light enters the cryostat through one of the
windows shown near the bottom of the cryostat. It then impinges on .
the sample and the luminescence radiation is collected by lens L3
after exiting through a window at right angles to the incident light
path. The sample surface is so oriented that most of the exciting
radiation is scattered away from the exit window. In the
experiment at The City College of New York, the luminescence
radiation exits through the same window as the incoming laser
radiation, but the latter impinges on the sample surface at an angle
so that most of the exciting light is scattered away from the
spectrometer. This is shown in Fig. (lll-1).

The temperature of the Helium bath in the sample chamber can
be controlled to some extent by a needle valve near the top of the
cryostat. The valve connects the sample tube with the Helium
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reservoir. The temperature of the bath also depends on the vacuum
pumping speed. The location of the sample space pumping port is
shown in the diagram in Fig. (llI-3).

For those measurements where the sample is cooled by Helium
vapor, a Cryogenics Research Model TC-103 temperature controller
was used to maintain a stable temperature of 3 K. This controller
energized a heater wire placed above the sample holder.

Photon Counting. The luminescence light from the CdSe
crystals is focused on the spectrometer, where it is diffracted
twice by a double grating arrangement. A single frequency
component of this light (within a wavelength resolution of one
angstrom at the Bell Laboratories set up, or a wavenumber
resolution of 4 cm-1 at City College) exits the spectrometer through
an exit slit and is detected by a photomuitiplier tube.

At the AT&T Bell Laboratories set up the signal from the
photomultiplier is fed into an ORTEC 9315 photon counter and the
corresponding count is stored in a computer. The photon counter is
connected to the computer through an ORTEC 779 interface
controlier.

The photon counter also controls the dwell time for each
wavelength, which was set to one second. The spectrometer is
driven by a Corripu-Drive Cd2A system.

For the experiment at City College the data wés processed by
an IBM data acquisition and control card and interfaced into an IBM
PC microcomputer. Here the spectrometer was driven at a constant
scanning speed of 0.625 cm-1/sec, with a detection dwell time of

one second.



Fig. (I1-3) Janis 8DT Optical Cryostat.
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Excitation Spectra. Excitation spectra are obtained using
the same experimental ‘set up described above and shown in Fig. (lll-
2). An electrical motor rotatestthe birefringent filter in the dye
laser, changing the wavelength of the emitted radiation at a
constant rate. The speed of rotation of this filter is controlled by an
Orisl Model 18009 dual controller.

Detection takes place at a fixed wavelength, chosen to lie far
into the low energy tail of the luminescence spectra of the samples.
Typical detection wavelengths ranged from 6870 A to 6900 A. The
spectrometer is set to detect light only at this wavelength and
excitation of the CdSe crystals takes place with radiation of shorter
wavelengths up to the spectrometer setting.

~ The data was plotted directly-on a chart recorder.

IV. RESULTS 1
High-Energy Threshold in Metallic Samples: Luminescence
Luminescence spectra of metallic n-doped CdSe for several
different doping densities are shown in Fig. (lll-4).  Figures (lli-
5)(a to d) show? the spectra plotted separately. As can be seen, each
spectrum exhibits a threshold on its high-energy side. This
threshold, whose position was taken as the energy corresponding to
the midpoint of the steeply rising portion of the spectrum --the
"threshold"--, occurs at different energies for different doping
levels, and generally tends to increase in energy with increasing
carrier concentration. Further, we notice that the spectra are quite

asymmetric, with a long tail towards low energies.



86

Notice, however, that the high-energy threshold for sample M3
occurs at a higher energy than those for samples M4 and M5, which
have higher carrier concentrations. This is also shown in Fig. (lll-
6), where we plot the position of the high-energy threshold versus
carrier concentration. This feature of our spectra is somewhat
unexpected. It was not observed in the luminescence spectra for
metallic n-doped CdS taken by S. Geschwind!, where it was strictly
true that the threshold increased in energy with increasing charge
carrier density for the samples studied.

These latter CdS spectra were analysed by S. M. Girvin!, who
calculated the position of the upper threshold assuming that it arose
from the annihilation of a thermalized valence hole with a Fermi-
surface electron. As we shall see below, Girvin's model predicts a
monotonically increasing high-energy threshold for CdSe. Therefore,
as it stands, Girvin's original formulation cannot account for the
detailed features of our CdSe spectra. In this chapter we discuss a
modification of this model which is able to explain the non-
monotonicity of the upper threshold with carrier concentration,
exhibited in our data.

It is possible that this threshold does not correspond, in some
of the samples at least, to recombination with a valence hole but
with a hole in an acceptor trap above the top of the valence band.
This could explain the break in monotonicity in the high-energy
threshold with increasihg carrier concentration. However, our
results for the excitation spectra and long-wavelength luminescence
of the same n-doped CdSe samples indicate that the high-energy

thresholds are not caused by recombination into impurity traps in
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the band gap. These results are described below. We therefore also
assume, as Girvin did, that the high-energy thresholds for all
samples arise from the annihilation of a thermalized valence hole
with a Fermi-surface electron.

With regards to the low energy tail, it is due to the decay of

electrons below the Fermi level into the thermalized valence hole.



Fig. (lll-4) Luminescence spectra obtained at CCNY. They are

plotted as a function of energy.
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Fig. (Ill-5a) Luminescence spectrum of sample M1. All the spectra
plotted in Figs. (lll-5)(a to d) were obtained at AT&T Bell
Laboratories. They are plotted as a function of wavelength. They
give the same position for the spectra thresholds as the experiments

carried out at CCNY.
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Fig. (lll-6) - Position of the spectra high-energy threshold versus
carrier concentration obtained from the luminescence spectra. Note
the non-monotonic character of the plot as a function of carrier

concentration.
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V. RESULTS |l
High-Energy Threshold in Metallic Samples: Excitation
Spectra |

The excitation spectra are obtained by sweeping the exciting
laser frequency and detecting the luminescence emitted by the
sample at a fixed wavelength. Figures (lll-7) (a to d) show the
excitation spectra obtained for our CdSe samples. They all show a
high-energy region with significant luminescent emission. There is
also a sharp drop in the emission occuring at the same energy as
the high-energy threshold of the luminescence spectra, within
experimental uncertainty. At energies below this sharp drop there
is usually some, but a considerably reduced level of, emission.

These spectra are certainly what we would expect for
recombination between a Fermi electron and a hole at the top of the
valence band. Figure (llI-8) shows a schematic representation of the
band diagram near k=0. For exciting energies higher than the
difference between the Fermi level and the top of the valence band,
there should be a great deal of absorption and therefore also of
luminescence emission. For Qnergies below this difference,
absorption should be suppressed to a large extent. The sharp drop in

the excitation spectra occur at this energy difference.
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Moreover, we have looked for acceptor levels by exploring the
luminescence spectra at wavelengths much longer than those
corresponding_to the high-energy threshold. Given that valence
holes® are so much heavier than conduction band electrons, one
expects the Rydberg for shallow acceptors to be considerably larger
than for shallow donors. This is indeed the case; we have found
levels higher than 50 meV above the valence band as we shall
describe in the next sectionS. The point here is that these levels are
quite distant from the high-energy threshold of the luminescence
spectra. This is additional evidence against interpreting these
thresholds as arising from decay of Fermi electrons into acceptor
traps, so we shall assume that they correspond to the decay of Fermi

electrons into a thermalized hole at the top of the valence band.



Fig. (ll-7a) Excitation spectrum of sample M1. The sharp peak at
6880 A ( 6900 A for the other samples) is a reference signal. It
corresponds to the detection of scattered radiation from the

exciting laser light.
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Fig. (Ill-7b) Excitation spectrum of sample M3.
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Fig. (lll-7¢c)

Excitation spectrum of sample M4.
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Fig. (1lI-7d) Excitation spectrum of sample MS5.
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Fig. (l11-8) Band diagram for CdSe near k = 0.

Corlduction Band

Fermi Level| 4

LUMINESCENCE]

4

Band Gap: 1.84 eV

ﬁ

Crystal Field Splitting: 25 meV

Valence Band B

lence Band A

Spin-orbit Splitting: 407 meV

Valence Band C




101

VI. RESULTS Il ‘
Long-Wavelength Luminescence: Evidence for Acceptor
Levels

When both donors and acceptors are simultaneously present in
an insulating crystal, it is possible to absorb a photon by promoting
an electron from an acceptor state to a donor state. The
recombination of the electron in a donor state back into the acceptor
state gives rise to donor-acceptor pair bands in the luminescence
spectrum. The energy required to make a donor-acceptor pair

transition is10
EpA(R) = Eg - E°A - Eog + e2/eR + Jpa(R), (1)

where Eg is the band-gap energy and E%a and E°g are the ionization
energies of isolated acceptors and donors, respectively; e2/eR is
the Coulomb energy of the two ionized impurity centers separated by
a distance R, while Jpa(R) is a small correction term due to the
interaction between the neutral donor and acceptor.

Luminescence spectra of insulating CdSe, obtained both by C. H.
Henry et al 11 and by Yu and Hermanni2, are shown in Fig. (llI-9).
Donor-acceptor pair bands occur at frequencies much bélow the
bound exciton peak. From these bands one can estimate the
ionization energy of the acceptors, by using Eq.(1). Henry et. al.!1
thus obtain an approximate ionization energy of 109 meV for
substitutional Li and Na, which behave as shallow acceptors in CdSe.

On the basis of our transport data we surmise that most of our

metallic samples contain significant levels of compensation. In
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fact, compensation plays a central role in explaining the non-
monotonic carrier concentration dependence of the upper
luminescence threshold in the model presented in section VII,
below. It was thus important for us to find further evidence of the
presence of acceptors at these high concentration levels, in
particular because of the well known unreliability of transport
measurements in the determination of compensation levels.

For samples on the metallic side of the Ml transition, donor-
acceptor pair recombination develops into recombination of
electrons from the Fermisea into acceptor states. The ionizafion
energy of the acceptors should still play a key role in determining
the energy of the photons emitted in these transitions. Note that
this ionization energy is -bound to be affected by the presence of the
Fermi sea of electrons through the Coulomb interaction. Moreover,
given the 'Iarge mass of valence electrons, and therefore the small
size of Bohr radii for shallow acceptor states, central cell
corrections to this energy may be non-negligible. It would not be
surprising, therefore, if the ionization energy of the as yet
undetermined acceptor impurities in our metallic CdSe samples
turned out to be different from the 109 meV for substitutional Li
and Na in insulating CdSe observed by Henry et al .11

Using the ionization energy value of 109 meV as a rough guide,
we expected the luminescence emission coming from recombination
of Fermi electrons into acceptor states to occur at wavelengths
around 7100 A. Woe investigated the region between 6900 A and
7400 A. | ‘
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Fig. (II-9) Luminescence spectra for insulating CdSe.*

The top figure shows data obtained by Henry et al. 14 and I2 denote excitons
bound to acceptor and donor impurities, repectively. The donor-acceptor pair band peak
occurs at 7180 A. The bottom figure shows data taken by Yu and Hermann. I2p denotes
the A exciton bound to a donor impurity. The donor-acceptor pair band is denoted by D1.
All samples are doped substitutionally with Li or Na, which act as acceptors in CdSe.

Interstitial Li and Na are also present.

cdseing) ° ¢ 11804 726 ev

£4 5 109 mev

) - |

OPTICAL DCHSItY

cdse (i) b (Y (XY
Egy #9148 mev 12
‘b, | iz,.iM
L 1 1 1 ' WU M NGNS N T—
1.660 1.720 “tLeos 1818 1825
ENERGY (eV) . *
)
5
(]
5
§
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Figures (I1I-10) (a) and (b) show the luminescence spectra of
samples M3 and M5 obtained by exciting with light of 6600 A
wavelength. These photons are energetic enough to excite valence
electrons above the Fermi level, so that the signal from electrons
ionizing the acceptor impurities is masked to a greater or lesser
extent by the tail of the main luminescence line. For sample M5 we
observe a peak near 7100 A, corresponding to 82 meV below the
high-energy threshold for this sample. The jump occuring at 6900 A
in both spectra is an artifact of removing a filter in order to
increase the power of the exciting light and magnify the signal

detected by the spectrometer.
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Fig. (lll-10a) Luminescence spectrum of sample M3 including long
wavelength portion. The excitation light wavelength is 6600 A.
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~ Fig. (Ill-10b) Luminescence spectrum of sample M5 including long
wavelength portion. The excitation light wavelength is 6600 A.
Long wavelength peak corresponds to recombination into accéptor

states.
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The main purpose of the above spectra is to indicate the
relative strength of the long wavelength signals from samples M3
and M5. Below we show that this signal is also present in the case
of sample M3. The fact that it is barely distinguishable from the
tail in the spectrum (it shows as a little bump around 6970 A),
suggests a considerably; larger compensation in M5 than in M3.

Figures (Ill-11) (a), (b) and (c) show the long-wavelength
luminescence spectra of samples M3 and M5 obtained by pumping
with light of wavelengths 6850 A and 6970 A. These photons cannot
excite valence electrons above the Fermi level, so that the tail of
the main luminescence line is eliminated. We can then clearly
observe a peak for sample M3 occuring close to 6970 A.

Note that the position of the peak is independent of exciting
wavelength as shown for the case of sample M5 by Figs. (lll-11) (b)
and (c). The low energy shoulder in all figures is probably a phonon
replica of the peak since it occurs approximately 25 meV away. The
longitudinal optical phonon energy is 26.2 meV.

As far as we know this is the first time that recombination
into acceptor states has been observed in n-doped semiconductors

with carrier concentrations above the metal-insulator transition.
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Fig. (lll-11a) Long-wavelength luminescence spectrum for sample
M3. Low energy -exciting radiation was used to suppress the
luminescence arising from the decay of electrons into the top of the
valence band. This enables us to see the long wavélength peak
coming from recombination with acceptor states above the valence
band.
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Fig. (Ill-11b) Long wavelength luminescence spectrum for sample

M5. Exciting light wavelength is 6850 A.
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Fig. (lll-11c) Long wavelength luminescence spectrum for sample

M5. Exciting light wavelength is 6970 A. Note, by comparing with

Fig. (llI-10b) that the position of the peak is independent of exciting

light wavelength.
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VIl. APPLICATION OF GIRVIN'S MODEL TO CdSe

We calculate here the luminescence spectrum threshold by
evaluating the energy emitted- when an electron from the Fermi
surface in the conduction band recombines with a hole at the top of
the valence band. Following Girvin! we consider the following
sources of electric potential which perturb the electron and hole
energy levels: (i) pho'nons, (ii)electron-electron interaction, (iii)
electron-hole interaction, (iv) random impurity potential.

The effect of the indium impurities is first evaluated by
assuming that they are distributed on a periodic superlattice within
the CdSe lattice, similarly to the treatment of Girvin for the case of
CdS. The electric potential generated by this superlattice of positive
point charges is calculated following the model of Wigner and
Huntington!3 for the metallic hydrogen system. This treatment of
the effect of the random impurity potential suffers from the obvious
weakness that the impurity centers are considered as a regular
array. Moreover, no consideration is given to the role of the
acceptor impurities, wh'ich_ are present in significant numbers due to
the heavy compensation in the samples. In the next section we
attempt to remedy these omissions with a model for the effect of

the random impurities based on work by L. Vina and M. Cardona.4:5
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i) Phonons
a) Electron-phonon coupling.

The high level .of doping present in the samples used in this
study has a significant effect on the strength of the electron-phonon
coupling and ieads to importaht corrections to the electronic
chemical potential. The formation of an interacting electron gas
impinges on the strength of this coupling through the dielectric
screening of the electric field associated with lattice distortions.!4

The electronic coupling to longitudinal optical phonons has
been treated by H. Frohlich1S in his classic work on the effect of
lattice fields on electrons in ionic crystals. According to Frohlich,

the electron-phonon coupling is given by

(2)

where €. and ggare the high- and low-frequency dielectric
constants, Q is the volume of the sample, C+k is the electron
creation operator, and B*q is the phonon creation operator.
This coupling leads to a correction to the conduction-band
energy AE given by
AE=-olw | (3)
and a shift in the observed effective mass given by
m = m*[1 - (1/6) a], (4)
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where a is the polaron coupling constant (a = 0.43 in CdSe), m* is
the observed mass, and m is the bare conduction-band mass. 16

The reason for the importance of the dielectric screening by
the electron gas can be seen from the numbers in Table lll-1. The
electron plasma frequency wp for the highest density sample is
approximately three times larger than the LO-phonon frequency. This
means that the electron gas has time to respond to and partially
cancel out the relatively slowly varying electric field associated
with the lattice vibrations. This leads to a weakening of the
electron-phonon coupling and a reduction in the LO phonon frequency.

Girvin argues that as a result of screening and exclusion effects
which partially suppress the electron-phohon interaction, the
screened polaron contribution to the electron chemical potential is
quite small in his case (approximately 1 meV). Given that the
unscreened electron-phonon coupling in CdSe is even weaker than in
CdS, -and that the screening is approximately as effective in both
cases (wp/owLo are comparable), it seems safe to assume that the
screened polaron contribution can also be neglected in our case. This
is not quite true for samples M1 and M2, and our approximation will

lead to overcorrections in the Fermi energy of these samples.
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TABLE Ill-1. Plasma frequency based on the bare conduction-band

mass and the high-frequency dielectric constant.
ho o=26.2 oy,

SAMPLE  Mp

(meV)
M1 + 26.2
M2 30.5
M3 49.6
M4 54.7
M5 58.2
M7 71.1

b) Screened valence polaron.

The screened valence hole-phonon coupling is larger than the
screened electron-phonon coupling for conduction electrons and
must be taken explicitly into account. The valence hole is more
strongly coupled to the phonons due to its heavier mass. Moreover,
it is not subject to exclusion effects since it is distinguishable |
from Fermi sea electrons, éo there is no suppression of the hole-
phonon interaction on this account.

According to Girvin,! the lowest order energy shift (in the

hole-phonon couling constant) for the valence hole due to its
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interaction with optical phonons in the presence of screening is

given by

AE= “"L_{ 2(k*-2) arctan[ 1_;_K_1~-\/ﬁ]
- K2)(1+K-\/—) (- Huzn KZ)GIZ 1+K71.,. R

for K< 1. The parameter K is defined by

K= ,/m/ MlkTFRP

where ktF is the Thomas-Fermi wave vector and Rp”is the screened

polaron radius given by

R

p= ao_\/lry / o TOI ,

where ry .is the effective Rydberg (based on the bare conduction band
mass), and ag is the effective Bohr radius. The parameter R is
defined by

. REML/ M“

where the above masses refer, respectively, to the bare valence band
masses perpendicular and parallel to the c-axis of the crystal.
Finally,

w, =M,/ m'?
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where o is the conduction band polaron coupling constant. According
to Girvin,1 the unscreened polaronic correction to the valence band

energy is given by

AE=a o jarcsin (1-R''%/ 1-R' 2

where all the parameters are as defined above.

if) Electron-electron interaction

Because of the large Bohr radius in CdSe, the dimensionless
inter-electron spacing parameter rs = [(4n/3)nag3]-1/3 ranges over
values comparable to that of ordinary metallic elements, as shown
in Table lll-2; here n is the electron density and ap is the effective
Bohr radius. We must therefore take care to use an expression for
the electron-electron interac’tion. which is applicable i.n this regime.
A number of treatments exist for the correlation energy of an
interacting electron gas. That of Nozieres and Pines!?, based on an
approximate interpolation between the contributions to the system
energy arising from the long and short wavelength parts of the
Coulomb interaction, applies in this density regime. The result

obtained by these authors for the correlation energy is

E.=(-0.115 +0.031.In rory (5)
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Here ry stands for the effective Rydberg. Together with the Hartree-
Fock terms, this expression gives the average energy shift per
electron due to electron-electron interactions.

This expression must be modified to give the shift in the Fermi
energy Aefr dde to correlations. We use Seitz's Theorem18 for this,

namely
oE
c

Ae = Ec+ n—ﬁ, (6)
where n stands for electron density.
The full expression for the Fermi level ef, in terms of the

Fermi wave vector, kg, and the Bohr radius, ap, is thus
eF = {(krao)2 - (2/n)(krao) - 0.031 In[a(kFao)] - 0.125}ry (7)

where o= (4/9%)1/3. The first and second terms are, respectively,
the kinetic energy of degeneracy and the exchange energy. The
remaining terms represent the correlation energy. This treatment
assumes that the electrons are imbedded in a uniform positive

background.19
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TABLE lll-2. Inter-electron spacing parameter rs, based on the bare
conduction band mass and the high-frequency dielectric constant.

SAMPLE rs
M1 3.15
M2 284
M3 2.06
M4 1.93
M5 1.85
M7 1,62

iili) Electron-hole interaction

Here we study the correlation energy arising from the
polarization of the electron gas by the valencs hole. The quantity
calculated is the self-energy of the valence hole treated to lowest
order in perturbation theory including the dynamical screening of the
interaction by the electron gas. The screening is treated in the
random phase approximation. This correlation energy is given by

_ 470 1 =1 1] 1
AE= n(2n) Id fdﬁ' Im[e(q’ o) JT@ + ho , (8)

where T(q) is the kinetic energy in the (anisotropic) valence band,
and e(q,w) is Lindhard's dielectric function for the electron gas.20
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Eq. (8) was evaluated numerically. Details of the procedure, as
well as the text of the program used for the numerical evaluation
are presented in Appendix Il.

Approximations to the effect of the lattice dielectric
screening lead to estimates of upper and lower bounds for the
contribution of the electron-hole interaction to the Fermi energy.

These approximations are also discussed in Appendix Il.

iv) Interaction with impurity centers

Eq. (7) for the Fermi energy is obtained under the assumption
that the electrons move in a uniform positive background. It is
important that we correct for this assumption, because the
interaction with the ionized impurity centers plays a very important
role in explaining our observations.

As a first approximation we model the impurity centers as a
regular array of ionized hydrogenic atoms embedded in the CdSe
crystal. This follows the original model used by Girvin! to explain
CdS luminescence data on the metallic side of the metal-insulator
transition. This treatment, which assumes also that the crystal is
uncompensated, fai.ls to explain the smaller high-energy thresholds
of samples M4 and M5 relative to that of the less concentrated
sample M3. In the next section we shall introduce a model which
takes into account both the randomness of the impurity potential as
well as the presence of compensation. This latter treatment is
capable of accounting for the main features of our luminescence

data.
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Girvin's treatment of the impurity potential makes use of the
fact that the impurity centers appear hydrogenic against the crystal
background. This is true both in CdS and in CdSe, and is due to the
small size of the electronic core relative to the effective Bohr
radius of the donors (ag = 38.3 A). This picture is confirmed by the
fact that the donor binding energy2! (19.5 meV) is very close to the .
Rydberg (e2/2ageo = 20.0 meV).

We shall therefore assume initially that the indium donors are
distributed on a periodic superlattice within the CdSe lattice. The
sole effect of the CdSe lattice is assumed to be to provide a
dielectric background, with dielectric constant equal to eo. With
these assumptions, the indium superlattice system is equivalent,

. except for scale factors, to the metallic hydrogen system first
studied by Wigner and Huntington.13

The energy of an electron due to its interaction with the
hydrogenic ions is calculated by Wigner and Huntington using the
Wigner-Seitz method. This energy is obtained by approximating the
solution to the Schrodinger equation for a single electron in the
presence of the ions and subtracting out the kinetic energy of the

electron?2, It is given by

E
H__ 3 1.85 _
= 0.0093

s ' 6. 72u2
20.2-2.65% 4~ 35555

where p=3.84/rg, rsis the dimensionless interelectron spacing, and

ry is the effective rydberg. The conduction band bottom in metallic
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hydrogen is obtained by taking u = 0. The corrections to this value

for electrons with wave vectors k not equal to zero are very small.

We must now subtract out the interaction of the electron with
the uniform positive background assumed in the previous section,
and replace it with the above interaction. For a uniform positive
background in the Wigner-Seitz cell, the electronic wave" function at
the band bottom is essentially flat. In that case, the energy of
interaction between the electron and the positive background is
given by Eo =-2.4 ry/rg. If we approximate the wave functions for
higher wave vector by plane waves, the interaction energy is still
given by the same formula. All parameters are based on the low
frequency dielectric constant go.

v) Wave vector non-conservation

The above calculation of the high-energy threshold location
assumes that Fermi surface electrons can recombine with holes at
the top of the valence band. Here we make some comments on the
validity of this assumption.

Typical luminescence recombination times in CdSe are close to
200 picoseconds,23 while valence hole thermalization times are
much shorter, typically close to the inverse of a phonon frequency,
or 25 femtoseconds for CdSe.22 One would therefore expect most of
the Fermi electron-valence hole recombinations in the kind of
luminescence experiments we performed to occur with thermalized
holes at the top of the valence band, unless forbidden by wave vector

conservation.
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S. M. Girvin! has argued that for heavily doped CdS samples --the
same would be true for CdSe samples,--the radial momentum
distribution for the lowest-energy valence hole becomes so broad
that the Ak = 0 rule must completely break down. This is a
consequence of impurity scattering, which strongly affects the
valence hole momentum distribution because the density of
scatterers is so large and because the hole is relatively heavy and
not subject to exclusion principle. constraints. In more picturesque
language one could say that the random impurity distribution breaks
the translational symmetry of the crystal and allows the Ak = 0 rule
to be violated. This effect has been verified experin;entally by J. L
Pankove and P. Aigrain24 who carried out measurements of the
absorption spectrum of doped germanium. They found that the
strength of the indirect absorption threshold (which required a very
large momentum transfer relative tb the Fermi momentum of the
present problem) rose rapidly with impurity density.

This shows that we are justified in assuming that Fermi
electrons are allowed to recombine with thermalized holes at the

top of the valence band.

vi) Results

In Table IlI-3 we list the various contributions to the
theoretical calculation of the threshold location based on the Girvin
model, presented above. Figure (lll-12) shows a plot of the
predicted thresholds, as a function of carrier concentration, as well
as the thresholds as determined from experiment. The model
predicts a monotonically increasing threshold with carrier
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concentration. The size of the difference between theoretical and
experimental results, close to 10 meV or less, is comparable with
the results obtained by Girvin for CdS.

TABLE I11-3. Energies (in meV) relevant to the calculation of the
spectrum threshold. (A) Fermi energy of the interacting electron
gas. (B) Energy of interaction of the Fermi electrons with
hydrogenic ions in the Wigner-Huntington metallic hydrogen model.
- (C) Band bottom with uniform positive background. Relaxation
energy of the electron gas around the valence hole: (D) upper bound;
(E) lower bound. (F) Bare conduction band polaron energy. (G) Bare
valence band polaron energy. (H) Screened valence polaron energy.
Sum of all these terms plus the uncorrected fundamental band gap
for undoped CdSe at 4.2 K, 1840 meV, giving a predicted spectrum
threshold: (J) upper bound; (K) lower bound.

SAMPLE A B Cc D E F G H J K

M1 44 296 213 -190 -230 112 252 -8.1 1836.5 1832.6
M2 28 -324 23.{5 200 -243 112 2562 -7.6 1837.1 18329
M3 72 -434 325 -242 -296 112 252 -56 1842.8 18374
M4 10.7 -464 348 -25.1 -30.8 112 252 -5.0 18453 1839.6
M5 13.1 -48.0 36.1 -257 -316 112 252 -46 18472 18413
M7_ 226 -54.7 414 -277 -342 112 252 -3.2 1854.8 1848.2
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Fig. (ll1-12). High energy threshold predictions for CdSe on the basis
of the original Girvin model. Experimental results are atsq plotted
for reference. Note the monotonic character of the theoretical

predictions, in contrast to the experimental observations.
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VIIl. EFFECT OF COMPENSATION ON THE HIGH-ENERGY
THRESHOLD:
A MODEL

In Section Vil we presented a model, due to Girvin, for the
calculation of the high-energy threshold of the luminescence spectra
for samples on the metallic side of the MI transition. This model
predicts a monotonically increasing value of the threshold with
increasing carrier concentration, as shown in Fig. (llI-12). The
experimentally determined thresholds, however, do exhibit a clear
break in such a monotonic increase, between samples M3, on the one
hand, and M4 and M5, on the other. This is also shown in Fig. (ll-
12).

One important element missing in the above model is the effect
of compensation on the value of the threshold. In this section we
present a modification of the Girvin treatment which allows us to
model the effects of compensation. This model, based on work by
L.Vina and M. Cardona,45 is capable of reproducing the observed non-
monotonic behavior of .the high-energy threshold.

i) Vina-Cardona model for Band gap renormalization

Vina and Cardona treat the effect of impurities to second order
in perturbation theory for the case of uncompensated
semiconductors. Their perturbation Hamiltonian is given by the
difference between the crystal potential with and without
impurities present. They assume that the impurities are randomly

distributed in the crystal, and that the perturbing potential can be
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written as a sum of identical localized potentials centered at the
impurity sites. The impurity centers are treated as screened
"hydrogenic® Coulomb scatterers. The calculation assumes:
a)dielectric screening by the lattice, and b)Lindhard dielectric
screening by the electron gas.

The Vina-Cardona treatment represents a refinement over the
Wigner model presented in the previous section in that, a)the
electron screening is treated in a more sophisticated fashion, since
the Wigner model assumes no screening inside a 'Wigner-Seitz' cell
around the ion cores in the regular hydrogenic superlattice, and
complete screening outside, and b)the impurity centers are assumed
by Vina and Cardona to be randomly distributed in the crystal.
Neither treatment, however, -assumes multi-ion screening by the
electron gas.

The band gap renormalization predicted by Vina and Cardona4.5
is given by . |

AE= aN, ’ (10)
where a and o are constants which depend on the band structure of
the crystal, and the type of impurity scatterer25, and Njis the
density of impurity scattering centers. The exponent a is predicted
to lie between the values a=1/3 and a=1. Note that the Wigner
model presented in Section VII, part v, predicts an o of 1/3.

This model was applied by Vina and Cardona to the case of
heavily doped silicon and germanium for thé study of band gap
renormalization not only for the fundamental band gap but also for
bands higher than the conduction band, for indirect and direct band
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gap transitions. They studied the effects of both donor and acceptor
dopants, on both sides of the metal-insulator transition, for a wide
range of doping concentrations. Their calculated values of o yield
close agreement with experiment. The experiments could not
distinguish differences in o between donors and acceptors within
the experimental scatter (of about 10% in a), but the calculated
values differed by no more than 16%. Plots of the shifts in band gap
energy for various band edges, from Refs. 4 and 5, for the case of
silicon and germanium are shown in Fig.. (lll-13). All the shifts are

toward lower energies.26
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Fig. (11-13) Plots of the shifts in band gap energy for silicon and
germanium for various band edges. These plots were obtained by
Vina and Cardona, and are taken from Refs. 4 and 5.*

Th e horizontal axes correspond to doping concentration. The vertical axes correspond

to band gap shift in meV.
The band gap shifts plotted below correspond to the following interband transitions:

A)For silicon: The energy E1 is due to transitions between the highest valence band
and the lowest conduction band along the A direction in the Brillouin zone (B2) in a
region from approximately k = (/4a)(1,1,1) to the edge of the BZ (L point). The
* region where the E2 transition takes place is not very well defined, but corresponds to a

higher interband transition.
B)For germ anium: The E'g gap corresponds to transitions between the I'2s' valence

band and the I'ys conduction band. The E1 gap Is related to transitions along the A
direction of the BZ between the Ag and the A4.5 valence bands o the A4y conduction band.
The E2 transition is not very well defined.
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ii) Band gap renormalization for compensated samples: a
model

We model the band gap renormalization in the presence of
donor and acceptor scatterers by adding a term to Eq. (10), so that

AE=a,Nj +aghh, | (11)

where Na and Np are the densities of acceptor and donor scattering
centers, respectively. We assume that the exponent a is the same
for both donors and acceptors, but allow the prefactors aa and ap to
differ. There is some justification for setting both exponents equal,
based on Vina and Cardona's calculations and data for silicon and
germanium. For ariy given band gap, the value of o is not very
sensitive to the nature of the scatterer, be it n-type or p-type,
irrespective of the value of the band masses or whether the band
edges are shifted relative to each other. A word of caution,
however. In the work of Vina and Cardona for p-type silicon and
germanium, screening is effected by valence band holes, whereas in
our sa_mples this screening comes about because of a deficit of
electron charge near the scattering center (a different type of hole).
We shall assume, somewhat arbitrarily, that a still remains nearly
the same for donor and acceptor scattering in this case.

In writing Eq. (11) as the expression for band gap
renormalization in the presence of compensation we are also, in
effect, assuming that the contribution of the scatterers to the

energy shift is additive, i.e., we disregard any correlations that
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might be introduced into the band gap energy shift because of the_
presence of different types of impurities.

To obtain the value of the threshold energy, including the
effects of compensation, we replace the electron-impurity
interaction obtained from the metallic hydrogen model of Wigner and
Huntington (Eq.(9)), with the expression in Eq. (11). We then add to
this the remaining terms from the original Girvin model described in
section VIl. The values for aa, ap, and o are obtained by allowing
these parameters to float freely in order to minimize the difference‘
between the theoretical prediction for the high-energy threshold and
the experimental values deduced from the luminescence spectra.

More precisely, we minimize the expression
th X
Z[Ei -E p]z
i

where the sum runs over the various samples, and where Ejth and

, (12)
EexP stand for the theoretical and experimental threshold energies
of the particular sample, respectively.

The results we obtain by this procedure are discussed in part
(iv) of this section. The minimization process is carried out using
all samples except M4. The parameters thus obtained are used to

calculate the threshold energy for this sample.

iiif) Estimates of compensation

The estimates of' the compensation for the six metallic
samples which we use in the calculation described above are derived
from the results of transport measurements on these samples at
temperatures below 100 K, as described in Chapter | of this thesis.
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There is quite a large uncertainty associated with these values, as
large as 50% or even larger, as we explain in that chapter. The
relative values of compensation, however, should be closer tb the
actual relative compensations. In spite of the uncertainty in the
determination of donor and acceptor impurity concentrations, the
long wavelength luminescence results do indicate that there is a
non-negligible amount of compensation in these samples.

The compensation values quoted in Table IlI-4, below, and used
in the calculation of thp luminescence high-energy thresholds are
obtained, for samples M3 to M7, using the Vashishta-Singwi
treatment for the electron screening. This is explained in Chapter |I.
Of the other models referred to in that chapter, the Toigo-Woodruff
treatment gives very similar results, whereas the treatment of
Brosens et al. gives unphysical results for sample M7 and was
rejected on that basis. The compensations for samples M1 and M2,
which are closer to the metal-insulator transition and therefore not
fﬁlly degenerate, are obtained using R. Mansfield's formulation for
the electron mobility,27 since it is applicable to any level of

degeneracy.
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Table Ill-4. Compensation values for metallic samples.

SAMPLE K
M1 0.65
M2 0.60
M3. 0.31
M4 0.32
M5 0.32
M7 0.03

iv) Results and conclusions

 In Table Ill-6 we list the high-energy thresholds obtained on
the basis of the schemé presented above. They are also plotted in
Fig. (Ill-14). The values of compensation used in the calculation
were those derived from the mobility data.

The main feature of these results is that they reproduce the
non-monotonic behavior observed experimentally. Thus, the
inclusion of compensation offers a way of accounting for the non-
monotonicity of the high-energy thresholds in the luminescence
spectra. We note, in fact, that within the modified Girvin model
presented in this thesis we have found no other way of reproducing a
non-monotonic behavior, neither by adjusting the value of the lattice
dielectric constant, nor by applying the Vina-Cardona model in its
originél form, Eq. (10), without compensation.

Table IllII-5 shows the predictions of this model, using the
original Vina-Cardona expression for band-gap renormalization, for
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the uncompensated case. They show a monotonic increase in the

high-energy threshold with carrier concentration.

‘TABLE IlI-5. Spectrum thresholds as o‘btained using the Vina-
Cardona expression for band-gap renormalization ( Eq.(10)) for the
uncompensated case. Note the monotonicity in the increase of the

threshold with carrier concentration. The best exponent o equals

0.3.
SAMPLE Spectrum Threshold (meV)

M1 1828.0
M2 1828.0
M3 1830.7
M4 1832.8
. M5 1834.0
M7 . 1840.7

There are a few caveats regarding the results obtained using
the model proposed in this section, however. First, the samples used
in this work come from two different sources, as described in
Appendix |. Given that crystal growing techniques allow for a wide
margin of variation in impurity content, types and extent of defects,
etc., the position of the high-energy threshold may be influenced by
a number of uncontrolled variables not accounted for in the present
model. In particular, if one considers the high-energy thresholds for
the samples from the two sources separately, the results are
monotonic with carrier concentration within each set of samples, in
accordance with Girvin's model.
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TABLE llI-6. High-Energy threshold for the luminescence spectra
obtained on the basis of the model presented in Section VIll. The
results quoted are for the case which utilizes the upper bound
estimate for the electron-hole interaction. The other case gives
very similar values for the thresholds, an artifact of the
minimization process. The values obtained for the parameters aa,
ap, and a are: ap = -4.0 X (1017)0.6 meV-(cm3)0.6,
ap = -7.0 X (1017)0.6 meV-(cm3)0.6, o =0.6.

SAMPLE ' Spectrum Threshold ( meV)

M1 1824.1
M2 1823.7
M3 1832.4
M4 1831.3
M5 1829.1
M7 1853.0

Secondly, as discussed in Chapter | of this thesis, there is a
great deal of uncertainty in the determination of the compensation
levels from transport measurements. This places real limitations
on our conjecture that it is compensation which is responsible for
the non-monotonic progression of the high-energy thresholds as a
function of carrier concentration. Below we discuss to some extent
the effect of varying the assumed level of compensation on our

results.
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It should be noted, moreover, that we are using three
adjustable parameters, namely aa, ap, and a in Eq.(11), to fit six data
points. This, of course, means that we cannot claim that our
experiments have proven the correctness of this model, and cannot
rule out possible alternative schemes.

The model shows some promising features, though. The values
of the parameters aa, ap, and o obtained by the minimization
procedure described on part (ii) of this section are not unreasonable.
In particular, the exponent a = 0.6 which we obtain is within the
limits 1/3 < o < 1, claimed by Vina and Cardona, while the
prefactors ap and ap separately give downward energy shifts on the
order of a few tens of meV's. A downward shift is what is expected
for both donors and acceptors on the basis of the Vina-Cardona
model, and is also what these authors find experimentally for the
cases of silicon and germanium. The fact that the shifts for donors
and acceptors are of the same order of magnitude is also something
that is observed for the cases of silicon and germanium by these
same authors. . |

Moreover, if one manipulates the compensation parameters K
(one at a time) away from the values obtained from the transport
data and then looks for best values of the parameters aa, ap, and «, a
reasonable fit is obtained within a fairly narrow range of the K's.
This is shown in Figs. (lll-15)(a) to (d), where we plot the residual
error obtained from Eq.(12), normalized to the experimental
uncertainty, versus compensation for each sample. These plots are
based on fits to five of the samples (excluding M4). This does not, of

course, exclude the possibility that there may exist a different set
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of K values which would produce an even better fit. It does,
however, show, (a)that there is a local minimum which is
surprisingly sharp near the compensation values extracted from the
transport data, and (b)that we cannot just fit any arbitrary set of
compensation parameters to the experimental data on the basis of
the scheme presented above.28

As mentioned before, the minimization process used to obtain
the parameters ap, ap, and o was carried out excluding sample M4.
The data for this sample was collected subsequently to the others
and was used as an internal check on the model. As seen in Fig. (llI-
14), there is qualitative although not good quantitative agreement
with the experimental results. The most important issue remains
that the model is capable of yielding the observed non-monotonic
behaviof.

Finally, these results prompted a search for evidence of the
presence of acceptors in these samples, since compensation plays
such a central role in our explanation of the luminescence spectra.
Initial studies of the Iong-vyavelength luminescence, discussed in
section 1V, above, show that, indeed, there exists significant
compensation in these samples, especially in sample M5. This work
is still in progress and quantitative analysis based on these results

will have to await a more detailed investigation.
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Fig. (lll-14) Plot of the spectra thresholds obtained using the model
presented in this section versus carrier concentration. The
experimental thresholds are also plotted for reference. Note that
the model is able to predict the non-monotonic character of the

increase of the threshold positions with carrier concentration.
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Fig. (lll-15a) Residual error AE obtained from Eq. (12), normalized

to the experimental uncertainty, obtained by varying the assumed

value of the compensation for sample M1, as explained in the text.

Here,

_ 1 h 2
AE-ZE—‘/§(E§ -2/ N
where Ae is the experimental uncertainty, and N is the number of

samples. considered in the calculation.

Sample M1
10 -
8
AE 6 -
4
| Transport K=0.65
2 T v T —T T T

0.4 0.5 0.6 0.7 0.8 0.9
Compensation K
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Fig. (Ill-15b_) Residual error, normalized to the experimental
uncertainty, obtained by varying the assumed value of the.

compensation for sample M3.
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Fig. (Il-15c) Residual error, normalized to the experimental
uncertainty, obtained by varying the assumed value of the.
compensation for sample MS5.

Sample M5

1 Transport K=0.32
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Fig. (Ill-15d) Residual error, normalized to the experimental"

uncertainty, obtained by varying the assumed value of the.

compensation for sample M7.
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The total resuit depends on which process is dominant, but will lie between these two
limits.

27 R. Mansfield, Proc. Roy. Soc. London B 69, 76 (1956).

28 Thesa plots show that the data would be better fit by a more compensated sample M5
relative to M3.
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APPENDIX |
Samples

Samples of n-CdSe doped with indium were obtained from two
different sources, as specified in Tables A-1 and A-2, below. Six of
the éamples, of which four are on the insulating side of the
transition, were purchased from Cleveland Crystals (CC); the
remaining samples were provided by the Institute of Physics, Polish
Academy of Sciences in Warsaw (PAS). For ease of identification
the prefixes | and M denote insulatipg and metallic, respectively.
The concentrations listed in both tables were determined from the
room temperature value of the Hall coefficient, making the usual
assumption that the ratio of the Hall mobility to the drift mobility
is unity, that is, rH = puH/up = 1. Based on measurements of the
temperature dependence of the Hall coefficient, we estimate that
for insulating samples all but at most 10% of the carriers have been
activated into extended states at room temperature. Resistivities
and carrier concentrations have been determined, using the van der
Pauw method, to within 3%.

Both for luminescence and transport measurements the
samples were cut with their faces perpendicular to the c-axis to a
size of approximately 3mm X 4mm X 0.8mm. Electrical leads were
placed close to thg edges or along the sides of the samples. The c-
axis was determined, using x-ray diffraction (Laue method), to
within 5 degrees for the transport measurements. These samples
were reoriented at the AT&T Bell Laboratories with an x-ray



146

goniometer, to better than 20 minutes of arc for the luminescence

and excitation spectra studies at this facility

TABLE A-1: INSULATING SAMPLES

Label no(RT) p(RT)" Fermi T no/ng  source CCNY label
1017 ecm3 Q-cm Kelvin

i1 1.0 0.090 71 0.33 cc CdSe1-1

12 1.2 0.078 80 0.40 cc CdSes-1

13 1.6 0.059 100 0.53 cc CdSe7

14 2.18 0.043 119 0.73  PAS CdSe14-3-3

15 2.2 0.044° 119 0.73 PAS CdSe14-3-1

16 2.4 0.040 126 0.80 cC CdSe6
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TABLE A-2: METALLIC SAMPLES

l.abel

M1
M2
M3
M4
M5
M6
M7

no(RT)
1017 cm-3

3.7

5.0
13.2
16.1
18.2
18.5
27.2

p(RT)

Q-cm

0.032
0.022
0.009
0.008
0.008
0.007
0.003

Fermi T
Kelvin

166
206
394
450
488
494
638

kF
Ao-1

0.022

0.024

0.034
0.036
0.038
0.038
0.043

source

PAS
PAS

PAS
PAS
PAS

CCNY label

CdSe10-5
CdSet2
CdSe3

CdSej 1-2-1-2
CdSe11-3-1
CdSe11-3-2
CdSe4-3
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TABLE A-3: SOME CdSe PARAMETERS
Critical Concentration n¢ used in this thesis: 3 X 1017 cm-3,
Conduction band mass near k = 0: 0.13 mg, where mg=free electron

mass

Valence band masses near k= 01

Band A Band B Band C
Longitudinal 2.50 me 0.18 mg 0.71 mg
Transverse 045 mg - 0.90 meg 0.40 meg

Optical frequencies2 at 80 K
Longitudinal: 26.1 meV .

Transverse: 21.3 meV

Average dielectric constants?
€y= 9.4

.=6.2

Size of the Brillouin Zone along the I'-M line: 0.84 A-1

REFERENCES

1 Donald Long, Energy Bands in Semiconductors, John Wiley & Sons, Inc.,N.Y. (1968).

2 D, L. Rode, Semiconductors and Semimetals 10, 84 (1975).
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APPENDIX I
Evaluation of the electron-hole Interaction Energy

Equation (7) in Chapter Ill was evaluated in the following
manner.

There are two contributions to the imaginary part of the
inverse dielectric function1, one from the plasmon pole and one from
the branch cut due to'single particle excitations. The contribution of
the plasmon pole to the imaginary part of the inverse dielectric

function is given by

1 n
Im| ——— ===, 50 - o
[eRPA(R' “’)] 2 /
plasmon - pole , (1)
where ok is the plasmon energy for wave vector k.

We obtain wk by evaluating the following sum rule numerically?

jodcolm[e ’m)]xm- zmp, (2)

where wp is the plasma frequency.

Upon substituting the plasmon pole contribution in Eq. (2), we
obtain
o?=wd+ %—L“Im[—-] x ado

1
=
G(R’ m) pair - excitations . (3)

We then use this value of wk in the expression for the electron-
hole interaction. The plasmon-pole contribution to this energy is,

thus,
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_ h ° 410° k.L @
4E=- n(2n)° Lody fok 522 2|k‘°' +k2] 2K -
£ lﬁ ——J-‘-+—n- +ho

where the parallel and perpendicular directions are taken with
respect to the crystal c-axis. The masses are the valence band
masses.

For the contribution due to single-particle excitations we use
Lindhard's dielectric function2, and integrate over the range of k and
o where the imaginary part of this dielectric function is different
from zero.

Both the plasmon pole contribution and the contribution due to
single-particle excitations are evaluated by\ numerical integration.
Below we reproduce the text of the programs used for these
integrations. |

A full treatment of this problem should include the use of a
frequency dependent lattice dielectric function. Nevertheless,.for
the plasmon pole contribution, the high frequency dielectric function
provides a good approximation, since wk> wp>> wLo. For the
contribution due to single-particle excitations, we can get
approximate upper and lower bounds to this contribution by using €q
and €., respectively. The essential feafures of our results remain

the same within the range of values determined by these bounds.
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The text of the programs for the numerical integrations used to

evaluate the electron-hole interaction are reprinted below.
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- C THIS ROUTINE EVALUATES THE CONTRIBUTION OF THE
C ELECTRON-HOLE PAIR EXCITATIONS TO THE ELECTRON-
C HOLE INTERACTION ENERGY

REAL kFT,k0,v0,xm,hbar

REAL Mpar,Mper

EXTERNAL ff

COMMON kO,v0,kFT,Mpar,Mper,hbar,xm
C BARE MASSES

¥m=1.0931e-28

Mpar=1,9858e-27

Mper=3.5525e-28

k0=3.626

-kFT=4.10

hbar=1.0545%-27

vO=hbar*k0/xm
C hbar is Plancks constant over 2 pi in CGS
C w is the frequency omega

CALL INT1

STOP

END

REAL FUNCTION ff(kpar,kper,w)
REAL kO,v0,kFT,kpar,kper,Mpar,Mper,hbar,xm,w
REAL k,Tx,y,A1,A2,A3
COMMON kO,v0,kFT,Mpar,Mper,hbar,xm
k=SQRT(kpar**2+kper**2)
T=(hbar/2.)*(k per**2/Mper+k par**2/Mpar)
IF(k .EQ. 0.JTHEN
PRINT *'k=0.
k=le-15
END IF
IF(T .EQ. 0. .AND. w .EQ. 0.JTHEN
PRINT * T and w =0.
T=1.e-30
END IF
x=e1(KFT,k,k0,v0,xm,w,hbar)
y=e2(KFT,k,k0,v0,xm,w,hbar)
IF(x .EQ. 0. .AND. y .EQ. 0.)THEN
write(6,*) "x=0. and y=0."
GO TO 10
END IF
Al=kper/k*2
A2=y/(x**2+y**2)
A3=1/(T+w)
ff=A1*A2%A3
10 CONTINUE
RETURN
END

REAL FUNCTION e1(kFT,k,k0,v0,xm,w,hbar)
REAL kFTkkO,v0,xm,w,hbar
REAL x1,x2,x3,x4,x5,x6,x7,x8,x9,x10
C This function computes the real part



C of the dielectric susceptibility

C This function computes the imaginary part

x1=hbar¥(k**2)/(2.*xm)

X2=k*v0
x3=1.-((w-x1)*2/32%%3)
x4=(w-x2-x1)/(w+x2-x1)
x4=ABS(x4)

x5=LOG(x4)

x6=1((W+x1)*2/x2%2)
x7=(w+x2+x1)/(w-x2+x1)
x7=ABS(x7) .
x8=L0G(x7)

x9=(kFT/k)**2

x10=k0/(4.*k)
e1=1+x9*(0.5+x10*(x3*x5+x6*x8))
RETURN

END

REAL FUNCTION e2(kFT,k,k0,v0,xm,w,hbar)

REAL KkFT,k,k0,v0,xm,w,hbar
REAL y1,y2,y3,y4,y5,y6,y7,y8

C of the dielectric function.

e2=0.
y1=hbar¥{(k**2)/(2.*xm)
y2=k*v0
y3=(KFT/k)*2
y4=y2-yl

yS=y2+yl

y6=k0/k
y7=((w-y1)**2)/y2=2
y8=2*k0

IF(k .GT. y8)THEN
GO TO 500

. END IF

IF(w LE. y4)THEN
€2=(3.141593/2.}*(w /y2)}*y3

END IF

IF(w .GT. y4 .AND. w .LE. y5)THEN
¢2=(3.141593/4. ) y6X1.-yT)*y3

END IF

GO TO 600

500 CONTINUE

600

y4=-1*y4

IF(w .GT. y4 .AND. w .LE. y5)THEN
e2=(3.141593/4. 7 y6%1.-y7)*y3

END IF

CONTINUE

RETURN

END

SUBROUTINE INT1
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REAL al,a2,a3,b1,b2,b3 N1,\2 N3 INT
REAL dell,del2,del3,k
REAL x1,x2,x3,i1,i2,i3,NN3
REAL kO,vO,kXFT,Mpar,Mper,hbar,xm,func
EXTERNAL ff
COMMDON kO,v0,kFT,Mpar,Mper,hbar,xm
C initialize integral to 0.
INT=0.
C upper and lower limits of integration
al=-20.
b1=20.
a2=0,
b2=20.
a3=0,
Ni=134,
N2=66. ‘
N3=66. -
C compute deltas
del1=(b1-a1)/N1
del2=(b2-a2)/N2
Ni=N1-1.
- N2=]N\R-1.
NN3=N3-1.
DO 100 i1=0,N1,1.
x1=al+dell/2.+i1*dell
DO 101 i2=0.M\2,1.
X2=a2+del2/2.+i2*del2
k=SQRT(x1**2+x2%*2)
b3=k*vO+hbar*k**2/(2.*xm)
del3=b3/N3
DO 102 i3=0.,NN3,1.
x3=del3/2.+i3%del3
func=ff(x1,%x2,x3)
INT=INT+func*del1*del2*del3
102 CONTINUE
101 CONTINUE
100 CONTINUE
PRINT *'INTEGRAL~",INT
PRINT *,; CdSe nO=27.17, epsilon0 .e-h’
PRINT *, 'kO,vOXFT, all divided by 1.e6.
PRINT ¥, ’ ai=20., Ni=134,\2=66"
RETURN :
END



C THIS ROUTINE EVALUATES THE CONTRIBUTION OF THE
C PLASMON POLE TO THE ELECTRON-HOLE INTERACTION
C ENERGY

REAL kFT,k0,v0,xm,hbar
REAL Mpar,Mper
COMMON kO,vO,XFT,Mpar,Mper,hbar,xm
xm=1.0931e-28
Mpar=1.9858e-27
Mper=3.5525e-28
k0=3.626
kFT=4.1
C ALL Kk’s are divided by 1e6
hbar=1.0545%-27
C  hbar is Plancks constant over 2 pi in CGS
C w is the frequency omega
vO=hbar*k0/xm
CALL INT1
STOP
END

REAL FUNCTION e1(kFT,k,k0,v0,xm,w,hbar)
REAL kFT.k,k0,vO,xm,w,hbar
REAL x1,x2,x3,x4,x5,x6,x7,x8,x9,x10

C This function computes the real part
C of the dielectric susceptibility

x1=hbar¥(k**2)/(2.*xm)
x2=k*v0
x3=1.-((w-x1)*2/x2%*2)
x4=(w-x2-x1)/(w+x2-x1)
x4=ABS(x4)

x5=L0G(x4)
x6=1.-{(w+x1)%*2/x2%*2)
xT={w+x2+x1)/(W-x2+x1)
x7=ABS(x7)
x8=LOG(x7)
x9=(kFT/k}**2
x10=k0/(4.*k)
e1=14+x9%0.5+x10%(x 3*x5+x6*x8))
RETURN
END

REAL FUNCTION e2(kFT,k,k0,v0,xm,w,hbar) °

REAL kFTX%,k0,vOxm,w,hbar

REAL y1,y2,y3,y4,y5,y6,y7,y8
C This function computes the imaginary part
C of the dielectric function.

e2=0,

y1=hbar{(k*2)/(2*xm)

y2=k*v0O

y3=(KFT/k)*2

y4=y2-y1

yS=y2+yl

y6=k0/k

185
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y7=((w-y1y*2)/y2**2
y8=2.k0
IF(k .GT. y8)THEN
. GO TO 500
END IF
IF(w .LE. y4)THEN
e2=(3.141593/2. 7w /y2)*y3
END IF
IF(w .GT. y4 .AND. w .LE. y5)THEN
e2=(3.141593/4. > y6¥1.-yT)*y3
END IF
GO TO 600
500 CONTINUE
ya4=-12y4
IF(w .GT. y4 .AND. w .LE. y5)THEN
e2=(3.141593/4.*y6¥1.-yT)*y3
END IE
600 CONTINUE
RETURN
END

SUBROUTINE INT1

REAL al,a2,b1,b2,b3,N1,N2,N3,NN3,INT

REAL dell,del2,del3,k,x,y,B,B1,B2,T,N\2

REAL x1,x2,x3,i1,i2,i3,INT2,wp,wk,kc

REAL kO,vO,kFT,Mpar,Mper,hbar,xm,func -

COMMON kO,vO0,kFT,Mpar,Mper,hbar,xm
C initialize integral to O.

INT=0.
C calculate plasma frequency. Given that we have
C divided k's by 1e6, wp has been divided by lel2.
C This still means calculated energy shift must be
C multiplied by 1e6.

wp=kFT*v0*0.57735

kc=wp/v0

al=-1.*kc

bl=kc

a2=0.

N1=50.

N2=50.

N3=50.
C compute deltas

dell=(b1-a1)/N1 ' .

Ni=Ni-1. .

NN\2=N2-1.

NN3=N3-1.

DO 100 i1=0,N1,1.

x1=al+dell/2.+i1*dell

b2m=kc*2-x1%2

b2=SQRT(b2)
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101
100

del2=b2/N2

DO 101 i2=0,NN2,1.
X2=a2+del2/2.+i2%de]l2
k=SQRT(x1**2+x2%*2)
b3=k*v0O+hbar*k**2/(2.*xm)
del3=b3/N3

INT2=0.

DO 102 i3=0.,NN3,1.
X3=de13/2.+i3%del3
x=e1(kFT,X,k0,v0,xm,x3,hbar)
y=e2(kFT,k,k0,v0,xm,x3,hbar)
B=y/(x**2+y**2)
INT2=INT2+B*x3*del3

CONTINUE

wk=2*INT2/3.1415926
wkewp*¥*2+wk

wk=SQRT(wk)
T=(hbar/2.)(x1**2/Mpar+x2**2/Mper)
Bl=x2/k**2

B1=3.1415926*B1/2.
func=B1*wk/(T+wk)
INT=INT+func*del1*del2

CONTINUE

CONTINUE

PRINT */INTEGRAL~"INT

PRINT *’This is the plasmon pole contribution’
PRINT *; for CdSe n0=27.e17, epsilon0’
PRINT ¥, '’kO,vO,kFT, all divided by 1.e6.’
RETURN

END

167
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APPENDIX i
The Hall Coefficient and the van der Pauw Method

, tion to L. J lor Pauw's original formulation’

The van der Pauw method is a widely used experimental
technique for the determination of the resistivity of electrically
conducting materials. This method is based upon a theorem derived
by van der Pauw,! and its usefulness lies in the fact that it is
applicable to any flat sample of arbitrary shape if the .electrical
contacts are sufficiently small and located at the circumference or
edge of the sample. van der Pauw's original paper also contains a
prescription for obtaining the Hall coefficient, again applicable to
any flat sample of arbitrary shape. We have found, however, that the
formulation for extracting the Hall coefficient needs a correction in
order to account for magnetoresistive effects. In this appendix we
present this correction and experimental data to support it.

Fig. (A3-1) shows a flat sample of arbitrary shape with four
small contacts at arbitrary places along the circumference. The
contacts, denoted by A, B, C and D, are placed in successive order
along the edge of the sample. van der Pauw defines a resistance
RaB,cD as the potential dffference Vpc between the contacts D and C

per unit current through the contacts A and B.
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Fig. (A3-1) van der Pauw geometry for resistivity and Hall
coefficient measurements.
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The Hall coefficient is derived to be |
RH = (d ARBD,AC)/H, (1)
where ARBD,Ac is the change of the resistance Rpp,Ac due to a
magnetic field H applied perpendicular to the sample,2 and d is the
thickness of the sample. As it stands, this formula is only correct
in the limit as the applied magnetic field tends to zero. In practice,
however, it can lead to significant errors since the Hall coefficient

is always measured at finite fields.

Below we derive the correction to Eq. (1). We assume that the
voltages are measured at constant current. The current paéses
through contacts B and D, and the voltage is measured between
contacts A and C.

In the presence of a magnetic field H, the vol_t'agel Veca(H) is

given by

* VoA(H) = -fEﬁ(H).dl -fEH(H).dI, (2)

where Ep(H) is the "drift" electric field in the direction of the
current lines, and EH(H) is the Hall electric field, perpendicular to
the current lines. We suppress any explicit notation of the position
dependence of fields or current densities. The "drift" field can be
written |

Ep(H) = p(H) J, (3)
where p(H) is the value of the resistivity at field H, and J is the

current density vector. Therefore,

-
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Vca(H) - Vea(0) = - {lp(H)/p(0)] - ﬂfED(O)-d' :[EH(H)-dl- (4)

where we have made use of the fact, demonstrated by van der Pauw,
that for constant current the current density at any given point does
not change when a magnetic field is applied. |

The Hall coefficient at field H is thus given by

RH(H)=-[d/H ] f EH(H).dl=(d/H){ Rep,ac(H) - [p(H)/p(0)] Rep,Ac(0) }, (5)

where | is the total current passing through the sample between \
contacts B and D. It can be shown that the integral - f Ex(H).dl is
independent of the contact positions A, B, C and D as long as these
are consecutively placed along the circumference of the sample. One'
can then make a conformal mapping onto a bar éhaped sample and
adjust the positions of A, B, C and D without altering their order so
that they map onto a classical configuration for the - measurement of
Hall effect. If the input currents into both samples are the same,
and if they have the same thickness then, as shown by van der Pauw,
the voltage difference between conformally mapped points will be
the same. It is not too difficult to see then that - [ER(H).dl is
indeed the Hall voltage.

We now rewrite Eq. (5) in the following form

RH(H) = (d/H){ ARBDp,ACc - [Ap/p(0)]RBD,AC(O) }, (6)
where
ARBp,Ac = Rep,Ac(H) - Rep,Ac(0), and
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Ap = p(H) - p(0).

Comparing Eqs. (1) and (6) we see that an extra correction
term is needed beyond the original van der Pauw formula in order to
compute the Hall coefficient when the magnetoresistance is non-
negligible. ‘ '

We can recast the expression for the Hall coefficient into still
another useful form if we make the reasonable assumption that the
magnetoresistance does not change vupon reversal of magnetic field

direction,3
RH(H) = (d/2H) { Rep,ac(H) - Rep,ac(-H) }. | (7)

It is this latter formula which we have used most often in

extracting the Hall coefficient from our data.
An Example: Data fpr samples 12 and I5 .

Below we present some data to support the above results.
These data were taken for sample 12 at temperatures 10 K and 8.5 K,
and for sample 15 at 1.2 K. The quite voluminous amount of data
taken for other CdSe samples at different temperatures tell the
same story. Notice that given the non-negligible magnitude of the
magnetoresistance the results from Eq. (1) are quite inconsistent
for reversed directions of magnetic field, and that as the
magnetoresistance becomes more sizeable this inconsistency

becomes more pronounced. Notice also that the correction term in
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Eq. (6) removes this inconsistency, and that Eq. (7) gives results

which are very close to Eq. (6).

Sample 12
Temperature: 10 K

H Aplpo ARBD,AC

kG
up

0
2
3
4
5
6

0
-0.000
-0.001
-0.002

--0.003

-0.004

down

o 0 W

Q

0
0.062
0.090
0.118
0.143
0.166

-0.065
-0.096
-0.134
-0.172
-0.217

ARBD,AC - [4p/p(0)]RBD,AC(0)
Q

0.064
0.095
0.129
0.160
0.187

-0.063
-0.091
-0.123
-0.155
-0.196

[RBD,AC(H) - Rep,Ac(-H))/2
Q

0.064
0.093
0.126
0.158
0.192
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Fig. (A3-2a) van der Pauw formulation: ARpp,Ac versus H, for sample

I2 at 10 K. Note the different slopes between up and down magnetic

field directions.
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Fig. (A3-2b) Corrected formulation: ARpp,Ac - [Ap/p(0)IRBD,AC(0)
versus H, for sample 12.at 10 K. The slopes for the up and down

magnetic field directions are the same within the experimental

uncertainty.

Fig. (A3-2b)
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Sample 12

Temperature: 8.5 K

H
kG

up

0
2
3
4
5
6

Ap/po

0
-0.001
-0.001
-0.002
-0.004
-0.005

down

o 0o A~ W

ARBD,AC
Q

0

0.054
0.099
0.119
0.149
0.174

-0.061
-0.106
-0.161
-0.216
-0.276

ARBD,AC - [Ap/p(D)]RBD,AC(0)
Q

0.055
0.109
0.141
0.184
0.219

-0.060
-0.096
-0.139
-0.181
-0.231

167

[RBD,AC(H) - RBD,AC(-H))/12
Q

0.058
0.103
0.140
0.182
0.225
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Fig. (A3-3a) van der Pauw formulation: ARpp,Ac versus H, for sample
I2 at 8.5 K. Note the different slopes between up and down magnetic

field directions.
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Fig. (A3-3b) Corrected formulation: ARgp,ac - [Ap/p(0)]RBD,AC(0)
versus H, for sample 12 at 8.5 K. The slopes for the up and down
magnetic field directions are the same within the experimental

uncertainty.
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Sample I5
Temperature: 1.2 K

H
kG

up

g W N = O

7

Ap/po

-0.002
-0.006
-0.012
-0.027
-0.043

10 -0.063
down

10

N oW o=

ARBD,AC
Q

0.003
0.005
0.006
0.008
0.011
0.016

-0.006
-0.014
-0.024
-0.046
-0.069
-0.102

ARBD,AC - [Ap/p(0)IRBD,AC(0)
Q

0.004
0.010
0.015
0.028
0.041
0.061

-0.005
-0.010
-0.015
-0.026
-0.039
-0.056
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[RBD,AC(H) - RBD,AC(-H))/2
Q

0.004
0.010
0.015
0.027
0.040
0.059
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Fig. (A3-4a) van der Pauw formulation: ARgp,Ac versus H, for
sample 15 at 1.2 K. Note the different slopes between up and down

magnetic field directions.
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Fig. (A3-4b) Corrected.formulation: ARpp,Ac - [Ap/p(0)IRBD,AC(0)
versus H, for sample I5 at 1.2 K. The slopes for the up and down
magnetic field directions are the same within the experin\ental

uncertainty.
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