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The transient decay of large excess-carrier densities was investigated in Hg, „Cd„Te (x =0.205) at 77
K. Excess carriers were generated by bulk impact ionization in strong electric fields. A strong variation

of the carrier lifetime with excess-carrier density was observed in the transient excess-carrier decay. The
comparison with calculated values shows that the carrier decay is determined by the Auger
recombination process. To our knowledge this is the first observed Auger-dominated transient carrier
decay in a semiconductor. A typical Auger-dominated lifetime for carriers at excess-carrier densities not

far from thermal equilibrium is 460 nsec for n 0=9)&10'" cm ' and p&
——2.26&(10' cm'/V sec at 77 K.

This lifetime decreased to 90 nsec at an excess-carrier density equal to no. Photoconductivity
experiments indicate that the majority-carrier lifetime can be enlarged due to minority-carrier trapping
near contacts. This was established in photoresponse measurements with CO, laser pulses. In addition

to this, the Hall mobility was measured and analyzed between 4.2 and 200 K. Calculations for
combined ionized-impurity and polar-optical-phonon scattering indicate that above 77 K the

polar-optical-phonon scattering limits the mobility. This electron-phonon interaction was calculated

taking into account the two-mode behavior of Hg, ,Cd„Te. The high-field measurements have shown

that in electric fields above 150 V/cm impact ionization occurs. Values of the carrier generation rate of

Hgo„SCdo, Te were deduced from the time dependent j (E) characteristics.

I. INTRODUCTION

The determination of the electronic properties
of the II-VI compound Hg, „Cd„Te has been the aim
of many investigations in recent years. '~ The
strong interest in this mixed crystal was mainly
due to its excellent characteristics for infrared de-
tectors. ' The lifetime of the photoionized excess
carriers represents a very important factor, for
it determines directly the detectivity and the rise-
time of the detectors. Quite recently this physical
property was studied theoretically by Petersen'
and experimentally by Kinch, Brau, and Simmons.
In the experimental investigation the dependence
of the lifetime on the temperature was measured in
order to characterize the relevant recombination
mechanisms. Usually those experiments are car-
ried out at small deviations from the thermal-equi-
bbrium carrier density, since only then the life-
time has a constant value.

A different way to identify the relevant recom-
bination mechanisms is to study the influence of
the excess-carrier density on the lifetime. Sim-
ilarly to the temperature dependence of the quasi-
equilibrium lifetime, the dependence of the lifetime
on the excess-carrier density is a characteristic
of the dominant recombination mechanism. A
microwave technique was introduced by Nimtz' ~ '
to study the density dependence of the carrier life-
time. In this technique the excess carriers are
generated by bulk impact ionization in hi, gh electric
fields instead of by photoionization. The transient
carrier decay is measured by using microwaves.
This experimental method yields directly the car-

rier lifetime dependence on the excess carriers.
In addition, the photoconductivity response to CO~
laser pulses is measured. The photoconductivity
lifetime deduced from these experiments is com-
pared with the lifetime of the impact-ionized car-
riers using the microwave technique.

One expects that in high-quality Hgo 8Cdo ~Te the
recombination is dominated by the Auger mecha-
nism, since the band gap is relatively small. ' To
our knowledge no experimental data of a transient
carrier decay dominated by the Auger process in
semiconductors have been published. Hg, ,Cd, ,Te
seems to be a suitable material for an Auger-
dominated density-dependent carrier decay using
the just-mentioned experimental technique.

Impact ionization in electric fields of the order
of 100-1000 V/cm has been observed in semicon-
ductors with small band gaps as, e. g. , indium-
antimonide and tellurium. ' Besides a small band

gap, impact ionization is favored by a carrier-
scattering mechanism which allows a strong car-
rier heating in the electric field. ' Therefore we
have first investigated the Ohmic carrier mobility
in the temperature range between 4. 2 and 200 K in
high-mobility n-type Hg«Cdo, Te and analyzed the
relevant carrier-scattering mechanisms. Near the
temperature of liquid nitrogen, the dominant scat-
tering process was found to be the polar-optical-
phonon scattering. Unlike the well-known semi-
conductors with predominant polar-optical-phonon
scattering, e. g. , GaAs or InSb, in the two-mode
mixed crystal Hg, „Cd„Te we have to take into ac-
count the electron-phonon interaction with two dis-
tinct phonons. This peculiarity of a two-mode
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TABLE I. Sample identification (7=77 K, g=0. 205).

Sample No.

Nl, N2
N4, N5
Nll

Carrier concentration
~o (10 cm )

0.965
0.6
0.9

Hall mobility
(pH) (cm V sec ~)

0.3xl0
1.25x10
2.26 x10

Resistivity
(0 cm)

22. 0 x 10
8.35x 10
2.96 x10

Impact

O. 50
1.2

Lifetime
70 (10 6 sec)

Photo

0.45
1.3
0.46

crystal is discussed, and the effect on the carrier
mobility calculated and compared with the experi-
mental results. It is worthwhile to mention that
Hg~ Cd„Te is a mixed crystal which represents an
exception of the atomic-mass criterion given by
Chang and Mitra" for single- and two-mode be-
havior.

Recently Ancker-Johnson and Dick' investigated
hot-carrier effects in Hg, ,Cd,Te. They observed
a strong conductivity change above 100 V/cm and
attributed it to a.n intervalley-transfer process.
The experimental results reported in the present
payer show a decrease of the conductivity with in-
creasing electric field up to 150 V/cm, followed
by a steep time-dependent increase. The non-
Ohmic behavior can be explained by the polar-op-
tical-scattering mechanism. Furthermore we show
that the observed time dependence in thej (F) cha, r-
acteristics is caused by an impact-ionization pro-
cess.

In Sec. II, the sample preparation and the ex-
perimental arrangement is described. In Sec. III,
first, experimental data on Ohmic conductivity and
the Hall coefficient are presented and compared
with calculations based on ionized impurity and
polar optical sca.ttering. This is followed by high-
field data and the determination of the generation
rate. Finally we present excess-carrier-lifetime
values which are deduced from transient excess-
carrier-decay measurements. The results are
compared with calculations based on Auger and
radiative-recombination mechanisms. The dis-
crepancy between the results of the photoconduc-
tivity experiments by Kinch, Brau, and Simmons,
and our results of the transient carrier decay is
dhscussed.

istics were measured with voltage pulses of a 50-
0 delay-line generator at a repetition rate of 20
Hz (10-100-nsec pulse length, risetime «1 nsec).
From the time dependence of the current-field
characteristics, the generation rate of the impact-
ionized carriers was calculated.

The lifetime of the excess carriers was deter-
mined from the time-resolved microwave resistiv-
ity of the samples by using the following method:
The investigated samples were in the shape of
posts (diam= 0. 2 mm, length 6 mm) a,nd were
mounted in an X-band waveguide. The axes of the
samples were aligned parallel to the electric field
of the H» mode. A sketch of the experimental ar-
rangement is shown in Fig. 1. This arrangement
is called an "inductive post" and the equivalent
circuit is described in detail in the 8'aveguide
Handbook. ' It was shown that the series impedances
of the inductive post are much smaller than the
shunt impedance for sample diameters much small-
er than the inner dimensions of the waveguide,
and for values of the relative complex dielectric
constant of the investigated samples smaller than
100.' These conditions are established for sam-
ple diameters of the order of 0. 1 mm and an elec-
trical resistivity of the order of 0. 1 Q cm. In this
case the series impedances of the inductive post
can be neglected and the calculations have shown
that the ratio of incident to transmitted microwave
power is a linear function of the sample resistivi-
ty. ' Thus, by measuring the transmitted micro-
wave power during the decay of the excess carriers,
the time dependence of the resistivity can be de-

II. EXPERIMENTAL METHODS

The experiments were carried out with various
samples of n-type Hg, „Cd„Te (x =0.205, Cominco).
The characteristics of the samples are listed in
Table I and have been measured at a temperature
of 77 K. Ohmic contacts were produced by solder-
ing platinum wires of 0.07-mm diameter with In
or In 8Cdo ~ to the samples. The Hall data were
deduced from experiments carried out with an ac
van der Pauw method, the frequency of the applied
current was 70 Hz. The current-field character-

=', :', dQ /', ::;,'sample
20dB 20dB

incident »~~refiec

Poorer

FIG. 1. Experimental arrangement for measuring the
transient decay of impact-ionized excess carriers. The
sample is located in a tapered X-band vraveguide of 1-
mm inner height.
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I IG. 2. Temperature dependence of the Hall mobility

p~ and of the Hall coefficient R~ (triangles) of sample
M1. SolM curve: calculated values of conductivity mo-
bility, dashed curve: experimental values on Hall mobil-
ity from Ref. 22.

duced. The time resolution of the microwave ap-
paratus is less than 10 nsec. This microwave
technique probes the sample on a length of 1 mm
compared to a total sample length between 5 and
10 mm. (See Fig. 1).

The lifetime of excess carriers was also deter-
mined from transient photoconductivity experi-
ments. Excess carriers were generated by 200-
nsec CO~-laser pulses (&=10.7 pm, peak power
0.3 W). The excess-carrier density was less than

5% of the equilibrium carrier density. To elimi-
nate any influence of the electrical contacts, e.g. ,
as photovoltaic signals, the photoconductivity sig-
nal was measured at probes and not across the two
current contacts. The probes and the current con-
tacts were shaded from the laser radiation.

III. RESULTS AND ANALYSIS

A. Ohmic conductivity

In order to obtain information on the relevant
scattering mechanisms, the Ohmic conductivity
and the Hall effect were measured in the tempera-
ture range between 4.2 and 200 K. In Fig. 2 the
experimental results are shown for the crystal
with the highest mobility. Previous temperature-
dependent investigations by several authors'
mere carried out with crystals of lower mobility.
It was shown by Long' in an analysis of the mobil-
ity variation mith composition x at 4.2 K, that ion-
ized impurity scattering is dominant at helium tem-
peratures. He has also discussed the limits of the
Born approximation in calculating the mobility.
An analysis of the temperature dependence of the
mobility was performed later by Scott~ who con-

sidered ionized impurity scattering at low tempera-
tures and electron-hole scattering at temperatures
in excess of 100 K for a compound with x=0.2. It
has, however, been anticipated that polar-optical-
phonon scattering will be of importance.

In analyzing the temperature dependence of the
mobility in the small gap alloy Hg, ,Cd,Te two im-
portant features have to be considered:

(a) In contrast to other zinc-blende materials the

energy gap has a strong positive temperature coef-
ficient ~~ for x & 0.5. From Kane's 4 theory this
effect leads to a pronounced temperature depen-
dence of the band-edge effective mass.

(b) Hg, Cd, Te shows a two-mode behavior, e. g. ,
optical phonons corresponding to Hg Te- and CdTe-
like phonons are observed at any given alloy com-
position. ~ 39 Therefore both longitudinal modes
have to be included in the scattering probabilities.
For the numerical calculation of p, (T) (the conduc-
tivity mobility) we have used the concept of a re-
laxation time although for polar scattering the con-
ditions T «8 or T» 8 (8 being the Debye tempera-
ture' ) are not fulfilled over the entire temperature
range. A more elaborate variational solution
should be deferred until the values of the coupling
constants are known more precisely.

Ne use for ionized impurity scattering and for
polar-optical-phonon scattering the expressions
derived by Zawadzki and Szymanska3 ' ' for nonpara-
bolic bands, modified to take into account a Fermi
distribution at low lattice temperatures (T~ 60 K).
Values for the temperature dependence of the band-
edge effective mass are taken from Ref. 32. The
expressions for polar-mode scattering were modi-
fied to include bvo-mode behavior. The polar
electron-phonon coupling is determined by the fre-
quency-dependent dielectric constant of the sys-
tem. This coupling can be characterized for each
phonon mode by

Z(') = m, e 4vp' (x)/&o'„o,

where i = 1, 2 denotes the HgTe- and CdTe-like
phonon mode ~«, respectively, m, is the energy-
dependent effective mass in the conduction band.
Values of the individual mode strengths 4vp'(x) 3

were deduced from infrared data given by Baars
and Sorger. ~5 It is experimentally proved that the
mode strength decreases linearly with their frac-
tion x in a compound as"

(2)

The values deduced by Egs. (2) from data taken on

pure Hg Te and Cd are listed in Table II.
In order to obtain the total scattering rate we

have added the scattering rates of both phonon
modes with the same weight. This procedure is
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TABLE G. Phonon mode parameter.

Mode

1 (CdTe like)
2 (HgTe like)

4~p'
(em-') (cm-') { =0 or 1)

149 156
121 137 5.8

4m p~(g)

( =0.2)

0.64
4.64

reasonable with respect to the derivation of the
above parameters and in respect of that the macro-
scopic random-element-isodisplacement model
describes the two-mode behavior of the mixed crys-
tals mell. '+ The mode strength represents a
macroscopic value, in which the fraction of each
compound is included.

The dependence of the conductivity mobility on
T was calculated using the parameters of Tables I
and II. The theoretical curve for ionized impurity
scattering and polar scattering is shown in Fig. 2.
For temperatures below VV K the calculated data
show a maximum which is not found experimentally
in our high-mobility material (e. g. , Nll). The
calculated maximum results from the decreasing
scattering rate of ionized impurities with increas-
ing T and the increasing rate of polar optical scat-
tering with T. Such a behavior is observed both
theoretically and experime'ntally in, e.g. , InSb.
Previous investigations on HgCdTe samples ex-
hibiting a somewhat lower mobility' ' ~'~ have found
a maximum of the Hall mobility in the temperature
range between 20 and 100 K. I.ooking for the cause
of the missing extremum in our high-mobility ma-
terial, me have estimated the influence of deforma-
tion potential and piezoelectric scattering but found
that both mechanisms yield scattering rates too
small to account for the disappearance of the ex-
tremum in our case. In our calculation of the
ionized impurity scattering according to Ref. 3,
which uses the Thomas-Fermi screening model
including nonparabolicity, a temperature-indepen-
dent static dielectric constant is used. There are
some indications for a temperature dependence of
the static dielectric constant. Transmission data
of Carter et al. a' yielded a value for co =19.5 at
4.2 K compared to 1V. 5 found by Baars and Sor-
ger at VV K for a compound with x=0.2. This
temperature dependence of qo mould improve the
agreement between the calculated and experimental
values.

Above 100 K the material becomes intrinsic as
evidenced by the Hall-coefficient data, also shown
in Fig. 2. The Hall measurements were carried
out in a magnetic field of 500 G. Recently it has
been suggested by Ohtsuki et al. ~' that there might
be electronic conduction in the heavy-mass valence
band of HgCdTe contributing to the conductivity.
However, our field-dependent Hall data of sample

Nll shown in Fig. 3 (up to 10 kG) do not indicate
such a behavior. In contrast to observations of
Ohtsuki et al. only a small decrease of 30% up to
10 kG in the Hall coefficient mas observed. But it
should be pointed out that, similar to Ohtsuki et
al. , our low-mobility samples show a strongly de-
creasing Hall coefficient with increasing magnetic
field. Thus the change of the Hall coefficient with
magnetic fieM might result from the same physical
cause as the decreasing carrier mobility.

I i $

[
i i i

T=77 K:
?- ~ ~ ~ ~ ~ ~ ~

e

6

5-
C

4
1

Nl, N2

4
4

i

FIG. 3. Hall coefficient 8& as a function of magnetic
field 8 for high-mobility sample N11 (dots) and lour-mo-
bility samples N1, N2 (triangles).

8. Impact ionization

Until now there have been only a few investiga-
tions in which the high-field behavior of HgCdTe
mas studied. In the early investigations, ~'
acoustic-phonon scattering was believed to domi-
nate the field dependence of the mobility. Ancker-
Johnson and Dick'~ also studied nonlinear conduc-
tion in HgCdTe but their results are, however,
considerably influenced by inhomogenity effects,
as stated by the authors themselves. Up to now
there mas no clear evidence for an impact-ioniza-
tion process in HgCdTe in high electric fields. '~'~

To fulfill the assumptions of the inductive post,
as discussed in Sec. II the impact-ionization ex-
periments mere carried out only in high-resistivity
samples. The dynamical behavior of the carrier
heating in the electric field is shown in Fig. 4. A
voltage pulse U, mas applied to the sample while
the microwave transmission of the saxnple mas
measured. The signal of the transmitted micro-
mave power P is in first-order approximation
proportional to the resistivity of the sample. "
Instantaneously mith the applied voltage the sample
resistivity increases due to the carrier heating.
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FIG. 4. Transmitted microwave power P vs time t.
P is proportional to the sample resistivity. The ].ower
trace represents the applied voltage pulses U~ and U2

both of 30-nsec length. The instantaneous increase of
resistivity with U~ and U2 is due to the carrier heating in
the electric field. The decrease, approximately 15 nsec
after U~ was applied, is due to impact ionization and cor-
responds to an excess-carrier generation of 30% of go at
the end of U~.

T=77K

10-
V

50 nsec 20 10

~

~~ gO

~ ~e+ .2~~
5 ~

~e+I"
eo

~ e
~ee

so

~O

r
~e

~0
~+

0 I

0
i0

300100 200
E (Ylcm)

FIG. 5. j (E) characteristic at 77 K of sample N4.
Dotted line: experimental data. The data were recorded
10, 20, and 50 nsec after the electric field E was applied.
The scale of the carrier drift velocity vz is valid for the
experimental data only up to E —160 V/cm.

Since the small microwave electric field amplitude
was parallel to the strong dc field pulse (U, corre-
sponds to 300 V/cm), the increase of P represents
the differential resistivity. About 15 nsec after
the field was applied, the resistivity decreases due
to impact ionization, causing an avalanche break-
down. After the end of the voltage pu1.se, the hot
carriers thermalize within the energy relaxation
time of the order of 10 '~ sec and the remaining de-
crease is due to the excess carriers. Now we ob-
serve an increasing resistivity due to the excess-
carrier decay. The microwave signal is modulated

by a second but smaller voltage pulse U~. This

10'
150 200 250

E (v/cm)

voltage is too small for impact ionization and the
modulation is only due to the carrier heating and
the connected increase of differential resistivity.
This non-Ohmic behavior which was observed by
the microwave transmission was also found in the
dc characteristic j (E), which is plotted in Fig. 5.
Above fields of 90 V/cm deviations from Ohm's
law occur and above 160 V/cm a time-dependent
increase of the current density is observed, We
bring the time-dependent avalanche breakdown at
fields above 160 V/cm, which was observed in the
microwave and in the dc resistivity, into relation
with an excess-carrier generation due to impact
ionization. This interpretation is supported by the
fact that the relaxation of the breakdown in the
electric field has the same time constant as the
recombination time of photoionized carriers which
is shown in the next section. From the time-de-
pendent j (E) characteristics we have calculated the
generation rate of excess carriers by impact ion-
ization as a function of the electric field according
to'

1' 1dj
n dt j dt

n and j are the instantaneous electron and current
densities, respectively. Here it is assumed that
the experiments were carried out with E = (const)
and v, = (const). The results are plotted in Fig. 6
as a function of the applied electric field F.. The
data can be fitted by a function of the form

FIG. 6. Generation rate g(E) as a function of electric
field E. Experimental data of n-type Hgo 8Cd0 2Te are
compared with data of n-InSb |,'Ref. 9).
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TABLE IG. Constants used in the numerical integration.

5x10 mo
-3

b~ =0.09 eV
=0.96 eV
=8.5x10 3 K

0 =198 K

0 =227 K

'Reference 30,
Reference 29.

Band-edge effective mass at T=0 K'
Energy gap at T=O Kb

Spin-orbit splitting'
Temperature coefficient of the band
Edge effective mass m~o=m~o(0) (1+nT)'
Debye temperature of Hg Te-like phonons Q = 0.205)d

Debye temperature of CdTe-like phonons (g =0.205)d

'Reference 35.
Reference 25 and 27.

g(g) = es~so

with g, =45x 10' sec ' and E, =79 V/cm. Such a
functional form is expected from theoretical in-
vestigations by Dumked for moderate fields. The
data are compared with those of In8b observed by
Mcoroddy and Nathan. ~ The remarkable difference
between the two curves is the much steeper in-
crease of the InSb values and the larger g value of
HgCdTe at electric fields below 220 V/cm. But
these results are plausible: In8b has a band gap
twice as large as Hgo, Cdo zTe, therefore the car-
riers in InSb must be "hotter" than in HgCdTe for
impact ionization. On the other side, the mobility
of the electrons is much larger in InSb than in
HgCdTe, thus the carrier heating per electric field
unit is stronger than in HgCdTe. This explains
the larger generation rate of In8b at electric fields
above 220 V/cm. In analyzing the generation rate
in this way the contribution of the holes is neglect-
ed, since the electron mobility is larger by a
factor of about 200 than that of the holes at 77 K.

C. Density-dependent excess-carrier lifetime

As was shown in Fig. 4 we have measured the
microwave-power transmission of the samples
during and after the ionization process. From
those data we have deduced the lifetime of the ex-
cess carriers with the following two assumptions:
The electron mobility is much larger than the hole
mobility, i.e. , the electrical conductivity is
dominated by electrons, and during the recombina-
tion of the excess carriers there are equilibrium
distributions of the carriers in the valence and con-
duction bands, each band having its own quasi-
Fermi level. The second is fulfilled, since the

energy relaxation time is of the order of 10 sec,
much faster tnan toe recombination time. Thus in
the investigated time range the change of conductiv-
ity is only due to the carrier decay. Results of the
relative excess-carrier decay n, /n, for three sam-
ples are shown in Fig. 7. There are two results:
At small excess-carrier densities (below 10%) we
observed an exponential decay (characterized by

v, ), but at concentrations roughly above 10%, the
decay increases rapidly with n, .

%e have compared the values of 70 measured in
the microwave technique with those of transient
photoconductivity experiments. The photoconduc-
tivity experiments were carried out first on the
large samples from which later the small inductive
posts were produced. Excess carriers mere gen-
erated by pulses of CO~-laser radiation, the ioniza-
tion rate being less than 5% of the thermal equi-
librium density no. A typical result of the photo-
conductivity signal is shomn in Fig. 8. It was
found that the photoconductivity response decays
with the same time constant as the impact-ionized

10 i.

77K, + N1 &,=500nsec
o N2
~ N5 &.=1200nsec
~ N4

calculated radiative
~ Auger

0.1—

0.02

I IG. 7. Relative excess-carrier density ne/no as a
function of relative decay time t/7'o. v'o represents the
constant decay time for n, /no &30"/0 of each sample. n,
was generated by impact ionization and the decay deduced
from the time-resolved transmitted microwave power.
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( )
N1; T=77K;
X= 5mV/cm; Y=500rsedr. m

/~w
/

/

(b) N1; T= 77K;
X=1nNcm; Y=SQOn14.~m

FIG. 8. Decay of photoconductive response to C02-
laser pulses. The signals were measured arith the laser
radiation focused at the sample: {a) far from the elec-
trical contacts and {b) in the contact region. The decay
times are about {a) 500 nsec and {b) 1000 nsec. dn, (np-n', )(G..npo+G~pno)

dI;
(7)

e. g. , the impact ionization in the electric field,
has ceased, we have the relation~

dne
dt T

=(g..—r..)+(g~-r-),
7. is the excess-carrier lifetime; r„, r», g„,
and g» are the rates of pair recombination and

generation due to electron-electron and hole-hole
collisions, respectively. With the assumptions
that the carrier distribution is Maxwellian and the
validity of microscopic reversibility, the non-
equilibrium rates are related to the thermal equi-
librium rates G„and G» as

r,.=G,.(n'P/popo), g..=G..(n/no),

roo = Goo (n P /nopo) goo =Goo (P/Po).

These relations appear to be reasonable since in
the recombination process there are three free
carriers involved and in the generation only one.
Thus we have for the carrier decay

carriers. Table I contains for comparison all the
data observed by both experimental methods.

There are three recombination mechanisms in
semiconductors which establish the thermodynami-
cal equilibrium. These are the Shockley-Read
mechanism, the radiative recombination of car-
riers, and the impact or so-called Auger recom-
bination. ~ To recognize the relevant recombination
mechanism, usually in a steady-state experiment,
the carrier lifetime and particularly the dependence
of the lifetime on temperature is measured. The
function ro(T) is characteristic of the effective re-
combination process. But similar to the tempera-
ture dependence, the lifetime shows a dependence
on the number of nonequilibrium carriers which
characterizes the recombination mechanism too. 6

In a small-gap semiconductor like Hgo, Cd, ~Te
the Auger recombination might be important,
since the recombination rate increases with de-
creasing band gap. 4' Quite recently Petersen' cal-
culated the carrier lifetime for this recombination
mechanism in Hgo oCdo oTe and experimental re-
sults of the photoconductivity were interpreted by
this mechanism. ' In our transient experiment we
have measured directly the carrier lifetime and
observed a strong decrease of the lifetime with in-
creasing excess carrier density n, as shown in
Fig. 7. Assuming that Auger recombination is the
most effective mechanism in the investigated ma-
terial, we shall calculate the lifetime dependence
on the excess-carrier density. For the transient
decay of the carriers after the excitation process,

Here n, is the intrinsic carrier density, no and p,
are the thermal-equilibrium densities, and n =no+n, .
Since m, «m„ in the investigated material, hh col-
lisions can be neglected and Eq. (7) simplifies to

dn, n, (no+P on+, ) G„nPo
n]

n, (n po+no,+)(n no,+)

2 T)n'

7; represents the intrinsic Auger lifetime and is
given by

r, =n, /(2G„) .
The generation rate of ee processes in thermal
equilibrium is

&(2v)o" e'm, (m, /m, ) iS, F, i'

'% —
1+m, m„k, T

This expression was found by Beattie and Lands-
berg~' and the symbols have the meaning: m„m„
and m„are the free-electron, the conduction- and.
valence-band masses, respectively. S~ is the gap
energy, and F, and Fl represent overlap integrals. '
Following the theory of Beattie and Landsberg, a
value of v, = Sx10 sec was calculated by Petersen
for Hgo oCdo oTe at 77 K. For n, «no the quasi-
equilibrium lifetime r = ro is by Eqs. (5) and (8) in
n-type material:
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~, =2~, (n, /n, )' .
From this relation a value of 1.4 p.sec is expected
in material withnp=10' cm ' andn, =3@10' cm 3,
where the intrinsic carrier density corresponds to
x =0.2. The experimental results of Tp are in
reasonable agreement with the theoretical values
and they fulfill the dependence on s~ of Eq. (11).

The transient-carrier decay as described by Eq.
(8) is plotted in Fig. 7 and compared with the ex-
perimental results. Obviously the calculated steep
increase of the recombination rate above 0. 1 of
n, /n, was observed in the experiment. Biakemore~
calculated the transient-carrier decay of excess
carriers due to radiative recombination. These
values are also plotted for comparison in Fig. 7.
Apart from the fact that a much larger lifetime is
expected for this mechanism in Hgo ada ~Te (ap-
proximately 20 psecm), the relative transient de-
cay is much slower than that measured and that
expected for the Auger decay.

Thus the transient decay has shown that Auger
recombination is the dominant recombination mech-
anism in Hgp SCdp ITe at high excess-carrier den-
sities. No other recombination mechanism is ex-
pected to have such a steep increase of the recom-
bination rate with the excess-carrier density. Our
observed lifetimes Tp are smaller up to a factor of
0.5 than those measured by Kinch et cr/. ,

' if the
dependence of Tp on np is taken into account accord-
ing to Eq. (11). We have observed similar long
lifetimes, as shown in Fig. 8(b), when laser radia-
tion was focused onto the sample near the contacts.
Thus we conclude that the larger lifetimes may be
caused by minority-carrier trapping in the contact
region. These lifetimes were up to three times
larger than those found by the microwave measure-
ment in the bulk of the sample or with photoioniza-
tion far from the contacts.

IV. CONCLUSION

The comparison of the experimental and theo-
retical data indicates that at low temperatures,
ionized-impurity scattering, and at 77 K, polar-
optical-phonon scattering governs the mobility. In

the polar-optical-phonon scattering the two-mode
behavior of this mixed crystal was taken into ac-
count.

In high electric fields above 180 V/cm, a time-
dependent increase of the current density occurs
in a nsec time scale. This effect is explained by
impact ionization, i.e. , generation of electron-
hole pairs in the electric field. This interpretation
is confirmed by the fact that the avalanche break-
down of the current has the same decay time as
photoionized carriers.

In order to study the lifetime the transient-car-
rier decay of impact-ionized carriers was investi-
gated. By impact ionization, excess carriers are
generated in the bulk of the sample in contrast to
a photoionization technique, where the ionization
process is more or less restricted to the surface.

The observed transient-carrier decay demon-
strates a strong dependence on the excess-carrier
density, as it is predicted from nonequilibrium
statistical calculations for Auger recombination.
To our knowledge this is the first observed density-
dependent transient-carrier decay dominated by
the Auger-recombination process. We have car-
ried out for comparison also photoconductivity
measurements with the same samples. These mea-
surements have shown, that the excess-carrier
decay is slowed down near the contacts. This ef-
fect might be interpreted by a trapping of minority
carriers in the contact regions and may explain
the moderate discrepancy by a factor of 2 bebveen
our results and those quoted in Ref. 5.

The nonstationary method of the transient decay
of impact-ionized excess carriers has proved to be
a valuable tool to supplement transport data in
Hg, Cd,Te.
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