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%'e discuss detailed transport and phototransport measurements on a p-type HgTe-CdTe super-

lattice grown by molecular-beam epitaxy 4,'MBE). At low temperatures, the field-dependent Hall

data indicate the presence of low-mobility carriers in addition to the high-mobility holes reported

previously. Intrinsic electrons become evident at temperatures as low as 50 K. The temperature

dependence of the intrinsic carrier density yields information concerning the band gap and the

product of the electron and hole density-of-states effective masses. Photo-Hall measurements were

also performed using high-intensity irradiation from a CO2 laser to generate excess electrons and

holes. From these measurements, we obtain the first determination of minority-carrier mobilities in

Hg-based superlattices. At 10 K, the minority electron mobility is found to be slightly lower than

that of the majority holes. Free-carrier lifetimes have been studied by three independent tech-

niques: photo-Hall analysis, transient-decay measurements, and photoconductive response. The

lifetime is found to be on the order of 1 ns.

I. INTRODUCTION II. MBK SUPERLATTICK GROWTH

In a number of previous studies, ' the photo-Hall
technique has been used to characterize a wide range of
material properties in narrow-gap senuconductors. Ma-
jority and minority carrier mobilities, linear and non-
linear free-carrier lifetimes, donor and acceptor concen-
trations, impurity binding energies, electron-hole scatter-
ing, and the dynamic Burstein shift have been investigat-
ed in both n and p-t-ype samples of the Hg, „Cd„Te al-

loy. Here we report the first application of this technique
to narrow-band-gap Hg-based superlattices.

Following a brief description of the molecular-beam-
epitaxy (MBE) sample growth in Sec. II, Sec. III
discusses the dark-Hall measurements and analysis. Con-
sideration of the magnetic 6eld dependence of the Hall
coefficient at each temperature allows one to account for
mixed-conduction efFects and to determine the densities
and mobilities of individual carrier species. Photo-Hall
measurements and analysis reported in Sec. IV are shown
to yield a characterization of the minority-carrier mobili-
ty. The photo-Ha11 data also provide a characterization
of the free-carrier lifetime as a function of temperature.
This is discussed in Sec. V along with lifetimes obtained
by two other methods, photoconductive decay and photo-
conductive response. A further result of the photo-Hall
investigation, concerning which of the various carrier
species coexist in the superlattice, is used in Sec. VI in
analyzing the intrinsic carrier density data. The experi-
mental temperature dependence of n,- yields a nonoptical
characterization of the superlattice band gap, as well as
the product of the electron and hole density-of-states
efFective masses.
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The HgTe-CdTe superlattice was prepared at North
Carolina State University in an MBE system designed
and built specifically for growing Hg-based films and
multilayers. The system consists of a preparation and
analysis chamber, a main MBE growth chamber, and a
load lock for introducing and retrieving samples from ei-
ther chamber. The main flange on the growth chamber
has provisions for seven MBE source ovens with
computer-controlled shutters for multilayer-film growth.
The source Aange also serves as the base for an internal
cryoshroud which continuously maintains the shroud at
cryogenic temperatures whenever Hg is in the system.
Because large Hg vapor Aux densities at the substrate are
required for film growth, a special Hg MBE source was
designed and constructed. This source is equipped with
platinum resistance thermometers to ensure superior
temperature stability (+0.05'C at 200'C).

The HgTe-CdTe superlattice (52-52 A) was deposited
onto a (100) CdTe substrate which had been chem-
imechanically polished and etched prior to its use. After
the substrate was transferred into the MBE growth
chamber, a 2-pm-thick buffer layer of CdTe was first de-
posited at 275'C using the MBE efFusion source contain-
ing high-purity CdTe. The substrate temperature was
theo lowered to 175 C and alternati. ng layers of HgTe-
CdTe were deposited. The entire superlattice was grown
with the Hg source shutter open such as to generate a
constant Hg Aux density at the substrate, corresponding
to a beam equivalent pressure of about 2X10 Torr.
Rather than being pure CdTe, the barrier layers are
therefore composed of the Hg& „Cd„Te alloy, with x es-
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timated to be in the range 0.85—0.90. The Te and CdTe
source shutters were opened and closed sequentially at
preselected times in a cyclic fashion for the growth of
HgTe and CdTe layers, respectively. The Snal superlat-
tice thickness was 2 pm.
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III. DARK-HALf MEASURKMKNTS AND ANALYSIS

Van der Pauw Hall measurements have been per-
formed as a function of magnetic field (up to 5 kG) and
temperature (10 to 300 K). At each 8 and T, these data
yield a "measured" carrier density

0

Ei iO

n (8)= I/eRH

and a "measured" mobility

p, (8)=o (8 =0)/n (8)e,

(3.1)

(3.2)

where RH and cr are the experimental Hall coefficient and
conductivity, respectively. For a fixed magnetic field of 1

kG, Figs. 1 and 2 give the observed temperature depen-
dences of n and )u . Qualitatively, these data indicate
that the sample is p type (since the Hall coefficient is posi-
tive at low temperatures) with a hole mobility of at least
10 cm /V s. However, at temperatures as low as 60 K
the intrinsic electron density becomes high enough to re-
verse the sign of RH.

Most semiconductor transport results are reported in
terms of measurements at a single magnetic field, such as
those illustrated by Figs. 1 and 2. As long as only one
type of carrier is present, n and p represent good ap-
proximations to the density and mobility of the carrier
(to within the Hall factor rH). However, in this as well as
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FIG. 2. Measured (dark) mobility vs temperature at a fixed
magnetic field of 1 kG.

all other type-III p-type Hg-based superlattice samples
we have examined thus far, mixed conduction by at least
two carrier species is evident at all temperatures. Con-
clusions based on the Hall measurements at a single mag-
netic Seld can therefore be quite misleading. Much more
information can be extracted if the magnetic field depen-
dence of the Hall coefficient and conductivity are mea-
sured and a more comprehensive analysis performed.

For the present sample we find that at least three types
of carriers are needed to account for the data in various
temperature regions: a high-mobility electron, a high-
mobility hole (pi ) similar to that reported previously,
and an additional low-mobility carrier whose charge
could not be determined. Although we will assume for
definiteness that the low-mobility carrier is a hole (p2),
care will be taken to assure that this assumption does not
a8'ect the conclusions reached below.

If we assume there are three carriers and employ a
simplified model in which a discrete mobility is associated
with each, the mixed-conduction expressions for the con-
ductivity and Hall coeFicient may be written

0
0

0~ y

o(8 =0)=o»(8 =0)=net„+@iep»+p2epzz,

o„ /8
RH(8)=

Oxx+Oxy

(3.3)

(3.4)
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2 2+ . 2+1+p„B I+p )B 1+p 2B
(3.5)

where the xx and xy components of the conductivity ten-
sor are given by

FIG. 1. Measured (dark) carrier density vs temperature at a
Axed magnetic field of 1 kG.

nep„B p, ep, &B pzep 2B
o y(8)= — + +

1+p„B 1+p,B 1+p 2B
(3.6)
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Least-squares fits of the above expressions to the Hall and
conductivity data have been performed to obtain
temperature-dependent densities and mobilities for the
electron and two types of holes.

Since the sample is p type, no electrons are observed at
low temperatures (T ~40 K}. However, mixed conduc-
tion by both the high-mobihty hole and the low-mobility
carrier is evident. The analysis is fairly sensitive to the
mobility of the high-mobility hole p~, (the uncertainty is
estimated to be less than 20%), but slightly less sensitive
to its density p, =(3+1.0}X10' cm . Because the
maximum magnetic Seld employed in the present study
did not exceed 5 kG (our current investigations employ 8
up to 70 kG), the analysis is able to specify only the prod-
uct p 2' 2 rather than the density and mobility of the
low-mobility carrier independently. The estimated lower
bound on pz is 2&(10' cm, which implies p 2(700
cm /Vs.

The temperature dependence of pzi is given by the tri-
angles of Fig. 3. (Above 50 K, the data are not sensitive
enough to allow reliable values to be obtained. ) Note that
the actual low-temperature mobility @~i is nearly a factor
of 3 larger than the value implied by the unreduced data
in Fig. 2. It should also be pointed out that down to 10
K, no peak is observed in pz„as would be expected if
ionized impurity scattering were dominant. The pro-
nounced decrease of p i with T in the range 20-50 K is
considerably more abrupt than would be expected due to
phonon scattering. The mobility @~2, also obtained from
the fit, is nearly constant below 50 K. At higher temper-
atures, it begins a relatively mild decrease with increasing
T.

At temperatures as low as 50 K, the data begin to show
evidence for intrinsic electrons. When T & 70 K, reliable
electron mobihties can be obtained, which are given by
the open circles in Fig. 3. {The photo-Hall p„shown as
the solid circles will be discussed below. ) The decrease of
p„with increasing temperature is in qualitative agree-

ment with what one expects from phonon scattering.
Also obtained from the dark-Hall analysis is the intrinsic
electron density, vrhich will be discussed belo~ in Sec.
VI.

IV. PHOTO-HALL MEASUREMENTS AND ANALYSIS

The photo-Hall apparatus employed in the present in-
vestigation was described previously in Ref. 1. The sam-
ple is mounted in a variable temperature refrigerator and
placed between the pole pieces of an electromagnet,
which provides uniform magnetic fields up to 5 kG. The
photo-Hall measurements are made using a Transiac
transient digitizer which is interfaced to a MicroVax
computer for immediate data storage and processing.
Optical excitation is provided by a CO& laser, operating
at 9.27 pm, and externally shuttered to produce 25-ps
6at-top pulses. The laser intensity on the sample is
varied by means of calibrated attenuators. Uniform il-
lumination is assured by requiring that the focused spot
size of the incident radiation be large compared to the
sample. Illumination intensities are measured so that the
dependence of excess carrier density on laser Aux can be
determined.

If the photoexcitation level is varied at a given temper-
ature and magnetic field, the measured mobility p
versus measured density n traces out a curve, whose
functional form is governed by the mixed-conduction ex-
pressions discussed above [Eqs. (3.1)-(3.6)t. In order to
understand the data, it is useful to Srst consider the
simpler problem in which there is only one type of hole.
We also assume (1) low temperatures, for which n =0 in
the absence of optical excitation, (2} bn =dp, i.e., no
trapping, and (3} the electron and hole mobilities do not
depend on hn Using th. e low-field forms of Eqs. (3.5)
and (3.6) (which are applicable to the photo-Hall mea-
surements at 500 G discussed below), one obtains in the
low-excitation limit

Hg Te-CdTe

524 —52A.

Oxx =o'xx 1+ p +1p hn Pn

P Pp

2
hn Pn

&xy &xy 1+ p 2 +1
Pp

(4.1)

(4.2)

where quantities labeled with a superscript "0" represent
the values in the absence of photoexcitation (An =0).
From these relations, one easily finds the measured densi-
ty and mobility to be

o p„(Dark)
i ~ (Photo)

p hn Pn
n =n 1+ +1

P Pp
(4.3)
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Pn Pn +1
JMp Pp
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FIG. 3. Experimental electron and p& hole mobilities. Open
circles (electrons) and triangles (holes) werc derived from the
mixed-conduction analysis of the dark-Hall data while the solid
circles (electrons) were obtained from the photo-HaB analysis.

Combining the two equations by eliminating hn/p
yields

(4.5)
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from which we may Snd the derivative of the p versus

I'm curve

d(n /n ) P„+P~
(4.6)

The slope of the curve may have values between —1 and
0, depending on p„/p~. ' In order to exploit this sensi-

tivity to the mobility ratio as a technique for characteriz-
ing the minority electron mobility, it is useful to invert
Eq. (4.6} so that p„ is expressed in terms of the experi-
mentally determined value of s and the pz known from
the dark-Hall data

( —s)p~p„= (4.7)

We now return to the more complicated case in which
two difFerent types of holes are present. The most
straightforward assumption is that both are coexistent in
the superlattice. For pz »p, it follows that hpz »hp,
in quasiequilibrium, since the density of states. is much
larger in the pz band. With the relations hpz=hn,
bP, =(P /1P )zb, n, and P,P~, &PzP~z, the three-carrier
generalization of Eq. (4.7) becomes

( —2s —1)p,
( I +s)(P zP&z/P1P&, + 1)

(4.8)

104—
Hg Te-CdTe

26 x 104 52A. —52k,

3.2 x 104

4.0 10'

103 o 10K

~ 40K

1015
} l ( I I l

10I7

FIG. 4. Measured mobility vs measured carrier density from
photo-Hall data (points) and analysis (curves) at 10 and 40 K.
The solid circles represent data in the absence of photoexcita-
tion. The magnetic field was 500 G, and all data showed a posi-
tive Hall coeScient (p type).

It will be seen below in Fig. 4 that the photo-Hall data at
10 K yield s= —0.4. However, Eq. (4.8} shows that a
negative electron mobility is obtained in fitting any s
greater than —0.5. Furthermore, in the present example
one obtains an unreasonably low electron mobility for
any s greater than = —0.7. We conclude that the data

cannot be fit if one assumes A@2 =hn and that both types
of holes coexist.

%e therefore consider the possibility that the two types
of holes do not coexist and that bp, =En (Apz =0). One
then finds

2 2 2
Pn(P1Ppl+PzPpz)+PnplPp1 PzPpzPpi

2 2 2 3
Pn(p lPpl+PzPpz)+2PnplPpl P2PpzPpl+P1Ppl

(4.9)

which reduces to Eq. (4.6) ifpzp~z ——0. Without explicitly
giving the inversion for p„as a function of s, we simply
note that the final term in the numerator considerably
reduces the magnitude of the negative slope if p~z=p„.
{Under some circumstances s may become positive. )

The open circles of Fig. 4 show the curve traced out by
the measured mobility versus measured carrier density at
8 =500 6 and T =10 K. The Hall coefficient is positive
(p type), and the measured carrier density increases with
increasing b,n. Also shown are results of the mixed-
conduction analysis, where minority-electron mobility is
the only fitting parameter. In obtaining these curves, we
used dp, =En and did not allow the mobilities to vary
with photoexcitation, but made none of the other simpli-
fying assumptions employed in obtaining expressions
(4.1)-(4.9). As predicted in the qualitative discussion
above, the slope of the curve is found to be quite sensitive
to the minority electron mobility. The best fit at 10 K is
obtained for p„=3.2 X 10 cm /V s, with an experimental
uncertainty of less than 20%. (Improper assumptions go-
ing into the analysis could naturally make the error much
larger. )

Figure 4 also shows results at T=40 K, which are
similarly sensitive to the electron mobility. Note that
here the photoexcitation is nearly strong enough to drive
the Hall coefficient through crossover to n-type behavior.
When this occurs n increases to infinity, then decreases
again as a negative density.

Figure 5 shows data and analysis for somewhat higher
temperatures, where n in the absence of photoexcitation
is already n-type due to the presence of intrinsic elec-
trons. At 70 K, the holes dominate cr„„whil thee elec-
trons dominate o.„~. This condition leads to the double-
valued behavior exhibited by both the data and the
analytical curve. This shape is quite similar to that ob-
served previously for p-type bulk Hg& „Cd„Te at inter-
mediate temperatures (see Ref. 3, Fig. 5). The present
analysis predicts that at high photoexcitation levels
(n ~p, and np&&p zp)zthe ineasured mobility should
approach a constant value governed by mixed conduction
between the electrons and p, holes.

%'hen T is increased to 90 K, both o.„and o.„are
dominated by intrinsic electrons. The dark-Hall data
then become less sensitive to hole densities and mobili-
ties, which are needed as input to the photo-Hall analysis.
For this reason, the photo-Hall electron mobilities and
lifetimes {discussed below} have much higher uncertainty
when the temperature is above =90 K.

The 611ed circles of Fig. 3 show the temperature depen-
dence of minority-electron mobilities obtained from the
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excess electron density corresponding to each photo-Hall
data point. [For example, the simplified expression (4.3)
may easily be inverted to give hn as a function of n ].
Results at 10, 40, 70, and 90 K as a function of laser pho-
ton density 4 are shown in Fig. 6, where the solid lines
correspond to a linear dependence of hn on 4. %e Snd
that the lifetime is nearly linear at these excitation levels.

If the absorption coeScient G. is also known, one may
estimate the magnitude of the free-carrier lifetime

n-type

70K

~ 90K

103
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photo-Hall analysis. It is encouraging that even though
the dark-Hall coefficients cross from p type to n type and
pass from a region where n =0 to one where the intrinsic
electrons dominate both o„, and 0„~, the photo-Hall
mobilities form a smooth curve which joins the dark-Hall
curve. The discrepancy between the open and solid cir-
cles is only =25%%uo at 70 K. It is noteworthy that the
photo-Hall mobilities are nearly independent of tempera-
ture at low T, rather than decreasing as would be expect-
ed if ionized impurity scattering (by impurities in the
wells) dominated. Although this type of behavior is ob-
served in n-type bulk Hg, „Cd„Te, in that case it is attri-
butable to degeneracy of the electron population at low
temperatures. ' For the same reason, it should not be
surprising that the electron mobilities in n-type HgTe-
CdTe superlattices generally have little temperature
dependence at low T.'~ However, at low excitation levels
for which the minority electron population is nondegen-
erate, the mobility in p-type bulk Hg, „Cd„Te decreases
as T is decreased from 20 to 10 K. The absence of a
low-temperature decrease in the p-type superlattice,
therefore, raises questions about scattering by ionized im-
purities in the wells being the dominant mechanism for
electrons at low temperatures.

n (cm ')

FIG. 5. Measured mobility vs measured carrier density from
photo-HaB data (points) and analysis (curves) at 70 and 90 K.
The solid circles represent data in the absence of photoexcita-
tion. The magnetic 6eld was 500 6 and all data showed a nega-
tive Hall coeScient (n type).

(1—R )4(1—e ') It
(5.1)
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where R is the reflectivity and t is the thickness of the su-

perlattice. Although a has not been determined for the
present sample, we can at least estimate its value by com-
paring with the small amount of absorption data which
has been published thus far. In particular, we consider
Fig. 3 of Patten et al., ' which gives a(Ace) at 300 K for a
superlattice with 61 A HgTe wells and 25 A CdTe bar-
riers. Since these data were taken for conditions not ex-
actly corresponding to those of present interest, we also
need to estimate the shift of the band edge with layer
thicknesses and temperature. To accomplish this, we
have employed the theoretical band structure model of
Schulman and Chang. ' At 10 K we estimate that the
temperature shift of the band edge approximately cancels
the shift due to the smaller well thickness in the present
sample. At a laser wavelength of 9.27 pm we then obtain
a(10 K)=800 cm '. However, at higher temperatures,
the gap is expected to increase, and we estimate a(70 K}
=450 cm . Substituting into Eq. (5.1) yields photo-Hall
lifetimes given by the open circles in Fig. 7. While the
dip at 20 K may not be statistically significant, the in-
crease in ~ at higher temperatures is clearly indicated by
the data. Results at temperatures above 70 K have not
been included because of the larger uncertainties in the

1013

The free-carrier lifetime in the superlattice was studied
by three difFerent methods: (1} photo-Hall analysis, {2)
photoconductive decay, and (3) photoconductive
response.

%hen the photo-Hall data are analyzed as discussed in
the previous section, the electron mobility is derived from
a St to the p versus n curve. Once the best mobility
has been obtained, Eqs. {3.1)—(3.6) may be solved for the
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FIG. 6. Excess electron density vs laser photon density from
the photo-Hall analysis. The solid lines correspond to a linear
dependence.
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FIG. 7. Free-carrier lifetimes vs temperature for p-type bulk
Hg& „Cd„Te and the p-type Hg Te-CdTe superlattice. The su-
perlattice lifetime was determined by three diferent methods.

photo-Hall analysis in that region (see the discussion of
this point in Sec. IV).

The second method for determining lifetimes consisted
of Ineasuring the transient decay of the photoconductivi-
ty due to 1.5 ns pulses from a Nd: YAG laser operating at
1.06 pm. Although the lifetimes were too short for a
highly-accurate determination to be possible, rough esti-
mates could at least be made from the rise and fall times
of the photoconductivity signal. Results are shown for
the solid circles of Fig. 7. To within expected uncertain-
ties, the agreement between photoconductivity and
photo-Hall lifetimes is quite good. This would appear to
provide further evidence that the interpretation of the
photo-Hall data, as discussed in Sec. IV, is essentially
correct.

The third method involved measuring the photocon-
ductive response due to chopped radiation from a cw
Ga„Al& „As diode laser operating at 0.8 pm. The rela-
tive change in conductivity is given by

one(p„+pp, ) f (1—R) rPi'(p„+pp, )

CT 0' r5~ p

(5.2)

where f=0.287 is a form factor to account for the tri-
angular shape of the pulses, Po is the laser power density,
and the temperature-dependent electron and hole mobili-
ties are taken from the dark- and photo-Hall results. For
the quantum efficiency we arbitrarily chose the
temperature-independent value g =3, although uncertain-
ty in this parameter considerably increases the potential
error in the magnitude of the lifetime. The triangles of
Fig. 7 represent the temperature-dependent lifetimes ob-
tained from the photoconductive response data using this
expression. Although the temperature dependence is
similar to that found by the photoconductive decay
method, the magnitude is as much as a factor of 10

higher. The photoconductive-decay results should prob-
ably be considered the more reliable since that method is
more direct, and a lifetime of 10 ns would have been easi-

ly resolvable in the transient signa1.
For comparison, the boxes in Fig. 7 represent

temperature-dependent lifetimes in p-type bulk

Hg, „Cd„Te.' Although the temperature dependences
of superlattice and bulk are siinilar, the lifetime in the su-

perlattice is nearly 3 orders of magnitude shorter. In the
alloy, the decreasing ~ at high temperatures is due to
Auger recombination. However, Auger recombination in
the superlattice would have to be over 2 orders of magni-
tude stronger than in the alloy for that process to account
for the high-temperature decrease observed in both the
photoconductive decay and photoconductive response
data.

VI. INTRINSIC CARRIER DENSITY

In this section we use the densities n obtained from the
Hall data to analyze the intrinsic carrier density n; as a
function of temperature. Although the superlattice band
structure is expected to be extremely nonparabolic, ' we

may to a ffrst approximation consider the conventional
"law of mass action" result. '

Assuming nondegenerate
statistics and parabolic bands,

3

n =np =4 k~T
(m"'m ') e ' (6 1)

—E/k T

2W'

where the density-of-states electron and hole efFective
masses must be averaged over parallel and perpendicular
directions, i.e., m; =m1~ m~~. Note that if a linear
variation of the energy gap with temperature is intro-
duced, Es(T)=Es+I'(T/300), where Eg is the gap at
zero temperature and I is the normalized temperature
coefficient, the functional dependence of n; on T is un-

changed and only the multiplicative constant is altered.
Since the Hall analysis gives n rather than n;, the in-

trinsic density obtained is sensitive to the value assumed
for the hole density p. In Sec. IV it was found that while
one cannot account for the photo-Hall data if the total
valence-band density of states is assumed to be dominated
by the low-mobility (p2) holes, the results appear quite
consistent if the photoexcitation is assumed to produce
primarily electrons and high-mobility (p&) holes. This
implies that the intrinsic electrons should also be accom-
panied primarily by high-mobility rather than low-
mobility holes. Taking

p =n+N„—N~ =n+p, (T =0)

in Eq. (6.1), one obtains the intrinsic carrier density
versus inverse temperature given by the open circles of
Fig. 8. In this Sgure n; has been normalized by T so
that the parabolic law of mass action is given by a
straight line. The open circles are in fact found to closely
follow a straight line over the temperature range 90—300
K. However, at lower temperatures the data lie above
the line, by an amount which is larger than the estimated
uncertainty in the experiment and analysis. This may be
due to nonparabolicity of the conduction and valence
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(m 'm„)'i =0.087m (6.3)
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FIG. 8. Intrinsic carrier density (normalized by T' ~) vs in-
verse temperature, as determined from the dark-Hall data. In-
trinsic densities n; were obtained from the electron densities n

using two different values for N& —Nz. The sohd curve is the
best straight line through the data for N& —N& ——3.0&10'
cm

Although this is approximately a factor of 2 higher than
the product in Hgo sCdo 2Te, it must be remembered that
the perpendicular masses are factored into the density-
of-states average. Since m~ is expected to be quite large
for hole bands, ' our result implies small parallel masses
for both electrons and holes. The value md, =0.087mo is
in good agreement with a rough theoretical estimate ob-
tained using the formalism of Schulman and Chang at the
top of the valence band and the bottom of the conduction
band (with —350 meV for the valence band ofFset). In a
future study, the large nonparabolicity of the dispersion
relations will be included in a detailed calculation of the
intrinsic carrier density, in order to verify whether the
experimental temperature dependence of n; is repro-
duced.

We finally note that electron densities taken directly
from the unreduced Hall data at a single magnetic Seld
(Fig. 1) would have been far too inaccurate to be used in
the type of analysis discussed in this section. Magnetic-
field-dependent measurements are required so that
mixed-conduction effects may be eliminated.

VII. CONCLUSIONS

bands. ' For comparison, the triangles of Fig. 8 show
the intrinsic density one obtains assuming N„—Nz
=pi( T =0), where the lower bound has been used for pz.
While the fact that the triangles fail to follow a straight
line anywhere does not automatically rule out their being
correct, the photo-Hall results argue against using

&t ~p2-
From the slope of the line in Fig. 8, Eq. (6.1) allows one

to estimate the zero-temperature extrapolation of the en-

ergy gap. The result is

Eg =56 meV (6.2)

which is considerably smaller than the value 119 meV
calculated from the calculation of Schulman and Chang'
using x =0.9 (rather than pure CdTe) in the barriers and
—40 meV for the valence band offset. ' On the other
hand, if —350 meV is used for the valence band
ofFset, ' ' the calculation gives 70 meV, which is a much
better agreement. This is contrary to the case of the ad-
sorption data reported by Patten et al., ' whose features
agreed better with theoretical results employing the
smaller valence band onset. In the near future an at-
tempt wiB be made to perform photo-Hall and absorption
characterizations on the same samples. The Hall data
clearly show evidence for intrinsic electrons at ternpera-
tures as low as 50 K, which is far below where they are
observable, for example, in Hgo 2Cdo sTe.

Equation (6.1) also shows that from the magnitude of
the straight line in Fig. 8, one may calculate the product
of the electron and hole density-of-states efective masses.
Using the calculation of Schulman and Chang to estimate
the temperature coeScient of the gap I =80 meV, we ob-
tain

%'e must still address the question of why the Hall data
show evidence for at least two types of holes, while only

p, appears to be generated when excess electrons are ex-

cited optically. As discussed above, the Snding implies
that the two holes are not coexistent in the same part of
the sample. One possibility is that the p2 holes are not in

the superlattice at all, but on the surface or at some inter-
face, e.g., between the superlattice and the substrate. The
two-dimensional density would then be at least =4X 10'
cm 2, which is somewhat high but not out of the ques-
tion. Another possibility is that the superlattice is
nonuniform in the growth direction, with holes at
different layers having different densities and mobilities.
Such a nonuniformity could result, for example, from
strain originating in the substrate or from interdiffusion
during the growth process, which would be less extensive
in the top layers not exposed to the high temperatures for
as long. As was stated in Ref. 7, the observation of more
than one type of hole at low temperatures is not specific
to the particular superlattice discussed here. If the low-

mobility carrier is an electron rather than a hole, it seems
probable that it exists at a surface or interface rather than
within the superlattice. It would then not be surprising
that the low-mobility carrier is not affected by photoexci-
tation.

Finally, we summarize the accomplishments of the
present work. Dark-Hall measurements were performed
and analyzed to obtain electron and hole densities and
mobilities for a broad temperature range. At low temper-
atures a low-mobility carrier is observed in addition to
the high-mobility hole reported previously, and it is
found to be necessary to consider mixed conduction at all
temperatures. Photo-Hall measurements have also been
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performed as a function of temperature and laser intensi-
ty. It is shown that the "measured" mobility versus
"measured" density curves are quite sensitive to the
minority-electron. mobility. The data are inconsistent if it
is assumed that most of the photoexcited holes go into
the more numerous low-mobility states. However, if the
photoexcited holes are assumed to be of the high-mobility
type, then the minority-electron mobilities obtained from
the photo-Hall analysis join smoothly to those obtained
from the dark-Hall data in the intrinsic range. The
photo-Hall experiment also yields free-carrier lifetimes,
which are consistent with those obtained from transient
photoconductivity measurements. Lifetimes estimated
from photoconductive response measurements were
somewhat higher. Consideration of the intrinsic carrier
density as a function of temperature leads to a characteri-

zation of the zero-temperature energy gap as well as the
product of the electron and hole density-of-states
enective masses.

%e have demonstrated that magnetic-field and
temperature-dependent Hall measurements as well as
temperature- and intensity-dependent photo-Hall mea-
surements provide powerful tools for probing the free-
carrier properties at the bottom of the conduction band
and top of the valence band in narrow-gap superlattices.
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