
DAVID BRUST

discussed the use of a mulitgap model in connection
with e(&u). He finds that it is possible to give a

modestly good account of the optical properties in
terms of gaps similar to the ones used here.

*Work performed under the auspices of the U. S. Ato-
mic Energy Commission.

N. Wiser, Phys. Bev. 129, 62 (1963).
H. Ehrenreich and M. H. Cohen, Phys. Bev. 115,

786 (1959).
J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat. —

Fys. Medd. 28, 8 (1954).
D. B. Penn, Phys. Rev. 128, 2093 (1962).
G. Srinivasan, Phys. Bev. 178, 1245 (1969).
J. C. Phillips, Rev. Mod. Phys. 42, 317 (1970).
J. A. Van Vechten, Phys. Bev. 182, 891 (1969).
H. Nara, J. Phys. Soc. Japan 20, 779 (1965); 20,

1097 (1965).
J. P. Walter and M. L. Cohen, Phys. Rev. 8 2,

1821 (1970).
~ D. Brust, Solid State Commun. 9, 481 (1971).

'D. Brust, J. Phys. C 4, L278 (1971).
S. Groves and W. Paul, Phys. Rev. Letters 11, 194

(1963).
L. Liu and D. Brust, Phys. Bev. Letters 20, 651

(1968).
L. Liu and D. Brust, Phys. Rev. 173, 777 (1968).

i5L. Liu and E. Tosatti, Phys. Bev. Letters 23, 772
(1969).

J. G. Broerman, Phys. Bev. Letters 25, 1658 (1970).
V. Heine and R. C. Jones, J. Phys. C 2, 719 (1969).
D. Brust, Phys. Rev. 134, A1337 (1964).

' V. Heine and I. Abarenkov, Phil. Mag. 9, 451 (1964).
J. Hubbard, Proc. Roy. Soc. (I,ondon) A276, 238

(1964)
M. Cardona, lecture notes (unpublished).

PHYSICAL B EVIEW 8 VOLUME 5, NUMBER 2 15 JA NUAR Y 1972

Temperature Dependence of the Optical Transmission Edge in Cd3(As„P, „)z Alloys
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The temperature dependence of the transmission edge has been studied in several alloys of
the Cd&(As„P& „)2 system for 0 x~ 1. Analysis of the data on the basis of the Kane model
suggests that a band crossover occurs near the Cd3As2 end of the system. An approximately
linear variation is obtained for the energy gap E~ between interacting bands from 0.59 eV in
Cd3P2 to —0. 25 eV in Cd3As2 at helium temperatures. The temperature coefficient of the
gap also shows a nearly linear variation from —3 x10 eV/'K in Cd&P2 to —6 &&10 eV/'K in
Cd3As& for temperatures above 100'K.

I ~ INTRODUCTION

The semiconducting alloys of the Cd, (As„P, „),
system are of considerable practical importance,
as well as of intrinsic interest, because of their
relatively high mobilities, small effective masses,
and optical gaps which vary with composition from
0. 6 eV (for x = 0) to less than 0. 2 eV (for x = 1) at
low temperatures. ' ' The alloys can be produced
for all x, although for x & 0. 25 Bridgman-grown in-
gots show cracks associated with the solid-solid
phase transition which has been reported by several
workers. ' Similar problems occur in Bridgman-
grown Cd3As&.

Most of the previous work on this system has
centered on the end-point compounds Cd3P2 and
Cd,As„which have been successfully grown by
vapor deposition. Optically pumped coherent laser
oscillations have been observed' in as-grown Cd3PQ
at a wavelength of 2. 1 p, . In addition, when com-
pensated, Cd, P2 is a sensitive low-temperature
photoconductive detector with a 2-p long-wavelength

cutoff. ' Low-temperature photoluminescence and
optical transmission studies have indicated a direct
minimum gap near 0. 6 eV. '

At the other end of the system, room-temperature
optical studies on thin films of Cd3Asz have been re-
ported by Zdanowicz, who observed two absorption
edges at about 0. 14 and 0. 6 eV. The lower-energy
edge was attributed to indirect (Burstein-Moss-
shifted) transitions from the valence band to the
lowest conduction band, and the higher-energy edge
to direct transitions to a remote conduction band.
It was found that the effective mass of Cd,As2, as
determined from magnetoplasma studies, ' increases
with temperature from about 0. 041~ at helium
temperatures to 0.045~ at room temperature.
Shubnikov-de Haas (SdH) measurements' have
shown that the low-temperature effective mass also
increases with carrier concentration and that the
conduction band consists of a single, nearly spher-
ical surface. The SdH data were analyzed by means
of a nonparabolic model and yielded a value of 22
eV for E~, the energy associated with the momen-
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tummatrix element P (inKane'sformulation9). How-
ever, a substantially lower value of E~ (18-19 eV)
was obtained from transport measurements at both
nitrogen' and room temperatures. '

The most comprehensive work on the system a,s
a whole is that of Wagner, Palik, and Swiggard,
who reported measurements of room-temperature
optical transmission and low-temperature interband
magnetoabsorption (IMO) on several alloys. The
IMO data were also analyzed on the Kane model and
suggested that a band crossing takes place near the
Cd3As~ end of the system. Thus, although it has
often been assumed to be a positive-gap semicon-
ductor, ' ' Wagner et al. concluded that Cd~As2 is
a zero-gap material, much like HgTe" or &-Sn."
They fitted the earlier data of Haidemenakis et al.'
with a negative Kane gap of about —0. 22 eV and ob-
tained for E~ a value of about 15 eV, which is lower
than any of the preceding results. ' '" On the other
hand, theoretical work by Lin-Chung, "based on a
hypothetical model of the Cd3As~ crystal structure,
resulted in a small positive energy gap for Cd,As~,
but did not entirely rule out the possibility of a zero-
gap structure. This calculation also located the
valence-band maxima away from the I point, al-
though the minimum of the conduction band was fixed
at I".' The study of the temperature dependence of
luminescence in the alloys' tended to confirm the
latter conclusion, but it was not possible to confirm
or refute the validity of the band-crossing model.

The present study of the temperature dependence
of the transmission edge was designed to character-
ize further the alloys of the Cd~(As„P, „)2 system.
As shown below, these measurements can also be
used to provide a confirmation of one or the other
of the band models which have been proposed, in
spite of the complications caused by the large num-
bers of free carriers (-10"cm ). In particular,
the low-temperature measurements can be com-
pared directly with IMO results. '

In Sec. II of this paper the details of experimental
apparatus are discussed. The results of measure-
ment are presented and analyzed in Sec. III, and
conclusions which can be drawn from these results
are discussed in Sec. IV.

II. EXPERIMENTAL

The temperature dependence of the transmission
edge in Cd, (As„P, „), reported here was studied in
several unoriented single crystals, grown in our
laboratory, with seven distinct values of x between
0 and 1. Six of the samples were cut from Bridg-
man ingots. Of the two as-grown Cd3P2 samples
studied, one was vapor deposited and one was
Bridgman grown. There were no substantial differ-
ences in the characteristics of these two samples.
A third Cd~P2 sample was made by copper-doping
a vapor-deposited sample. The Cd3As2 sample was

TABLE I. Room-temperature carrier density and Hall
mobility, and low-temperature bottom-of-the-band mass
for the Cd3(As„P& „)& alloy samples studied.

Alloy

Carrier density Mobility
(3oo K) (3oo K)

& (cm ) p (cm /V sec)

Bottom-of-the-
band mass
(- 8 K)
m~0/rn 0

Cd3P2 (copper doped)
Cd3P2 (as grown)
Cd3(Asp 12Pp 33)2

Cd3(Asp 25Pp 75)2

Cd3(Asp 35Pp 95)2

Cd3(Asp ppPp 5p)2

C d3 (Asp 75Pp 25)2

Cd3As2

1P15
i& x 1pi7

6.3 xlo"
6.5 x10
6.1 x1017

1.3 x1O"
].8 x10«
2 x 1()13

1 700

3 800
5 600
6 100
9 500

12 800

0. 047
0.047
0.039
0.021
0.016
0.009
0.002
0.014

also vapor deposited. All alloy compositions except
the (nominally) x = 0. 12 and the x = 0. 35 samples
were determined with the use of standard chemical
techniques; the values thus obtained were quite pre-
cisely those expected from the relative values of the
constituents before growth.

The characteristics of the samples studied are
shown in Table I. The as-grown samples were de-
generate and had v-type carrier concentrations be-
tween 2~10 and 2 && 10 cm which were nearly
temperature independent. Copper doping is an ef-
fective means of compensating Cd, P2.'" Thus the
carrier concentration of the copper-doped sample
at room temperature was about 10" cm ' (n type)
and dropped sharply at low temperatures. The
availability of this sample made possible the experi-
mental determination of the Burstein-Moss shift of
the energy gap for CdsP2 at low temperatures.

The samples were glued to CaF, or Si substrates
and polished to thicknesses between 50 and 100 p, .
The substrates were then glued to a cold finger
mounted on a cryostat whose temperature could be
raised from 8 to 300'K.

A tungsten lamp and a globar were used as
sources over the spectral range 1.5-10 p, . The
transmitted light was analyzed by a Perkin-Elmer
model 210 grating monochromator and detected with
a room-temperature PbS cell, a 78 'K InSb photo-
voltaic cell, or a 78 'K Hgp 78Cdp p2Te photoconduc-
tive detector, depending on the wavelength. The
sample temperature was monitored by means of a
Au (O. OV at. % Fe) Chromel thermocouple soldered
to the cold finger. Absolute temperatures could be
measured in this way to within 3 'K.

The optical transmission edge was arbitrarily de-
fined from straight-line extrapolation of the linear
portion of the transmission onset to zero transmis-
sion. The edges thus determined occur at wave-
lengths corresponding to absorption constants of
about 300 cm ' in as-grown Cd&P2 and about 1000
cm ' in copper-doped Cd&P&. The values of the
edges thus obtained at the lowest temperature differ
by about 25 meV —which corresponds to the calcu-
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lated difference in Fermi levels. In the case of
Cd,As2 as well, the extrapolated edges agree accu-
rately with previous absorption-constant determina-
tions of the edge at two temperatures. ' Hence the
extrapolation technique provides a sufficiently ac-
curate and useful means of defining the transmission
edge.

III. RESULTS AND ANALYSIS

g&Q
EF

(b)

EF I
EF

&f—+——

A. Energy Gap at Low Temperature

The compositional dependence of the low-temper-
ature transmission edge in the Cd, (As„P, „)z system
is shown in Fig. 1. An approximately linear depen-
dence of the edge on composition is observed for
x ~ 0. 50. For x & 0.50, a bowing is apparent which
becomes more pronounced near the Cd3As, end.
Because of the high carrier concentrations, it is not
immediately apparent whether the bowing is an in-
trinsic property of the system" or primarily a re-
sult of the Burstein-Moss effect.

In order to analyze the transmission data an ap-
propriate energy-band model is required. The
electron effective mass in both Cd,As&" '" and

Cd3P2 ' is known to increase with carrier concen-
tration. Since Lin-Chung's theor etical calculations
also show"' that the system has a band structure
similar to that of many IG-V compounds, it is rea-
sonable to assume a Kane model for the system as
done by Wagner et al. ' and by others. "'"

The model is shown schematically in Fig. 2 for
positive and negative values of E„defined as the
energy of band 1 minus that of band 3. Fol E~&0,
the conduction band is s like and the three valence
bands are P like. The lowest valence band is split
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FIG. 1. Measured values of optical transmission edge
and corresponding values of E~ from Eqs. (1)-(4). IMO
data of Ref. 3 are included. The straight line is the best
fit to the calculated points for m„= ~.

FIG. 2. Kane model proposed for Cd3(As„P1 „)2 (after
wagner et al. , Ref. 3). (a) E~&0. As temperature in-
creases, band 1 approaches band 2. (b) 8~&0. As tem-
perature increases, band 1 recedes from band 2. Heavy
vertical lines indicate (direct) optical transitions.

off from the upper bands, which are degenerate at
I', by the spin-orbit interaction. Of the two upper
valence bands, only the lower-mass band (denoted
band 3 in Fig. 2) interacts with the conduction band.
This interaction increases with decreasing l E~ t,
and there is an attendant decrease of the effective
mass and the density of states at the bottom of the
conduction band.

The transmission edge for direct transitions at
0 'K may be defined as

E„,=Eg+E~(0) +E~(0), Eg & 0

=E,(o)+E,'(o), E,& o . (I)

Here, Ez(0) is the Fermi level at 0 'K measured
from the bottom of the conduction bands, and Ez(0)
is defined as the difference between the valence-
band energy at the Fermi wave vector and the ener-
gy at the top of the valence band (see Fig. 2). The
Fermi energy for a band structure appropriate to
the Kane model may be written as

N2y2 ] 4E N2y2 1/2
Ep(0) = ——~Eg~+ + — E + (2)

2 ' 2mo 2 3mo

where k& is the Fermi momentum and E~ is a pa-
rameter related to the momentum matrix element
p between bands I and 3 by E~= (2mo jh )p . The
other quantities have their customary meanings.
Equation (2) neglects higher-band interactions and
assumes that the spin-orbit interaction energy (b,
in Fig. 2) is large compared to E~, as expected for
Cd, (As„P, „),. If the heavy-mass valence band is
assumed to be approximately parabolic and char-
acterized by a mass m„, then

E',(O} = a'k', /2m„. (3)

Since the effective masses of Cd3As2' and Cd3P2
are nearly isotropic, the Fermi momentum k~ may
be reasonably approximated by

k2 (3PP7)2/3
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FIG. 4. Temperature coefficients of measured absorp-
tion edges and corresponding values of P from Kqs. (8)
and (9). The straight line is the best fit to the calculated
points for nz„=

tribution with temperature. Free-carrier absorp-
tion does not appreciably affect the location of the
transmission edge in Cd3As~, in which the absorp-
tion is at its strongest among the alloys. Hence
this effect may be safely neglected. For degenerate
samples with carrier concentrations comparable to
those encountered here, the variation of the Fermi
level with temperature is also negligible.

The effect of the spreading of the Fermi distribu-
tion on optical absorption in degenerate semicon-
ductors has been treated by Kaiser and Fan. ' I et
no be the absorption constant if the final state is un-
occupied, and a the absorption constant in the de-
generate material, at the same photon energy. If
the conduction-band mass is much smaller than the
valence-band mass, the transmission edge in the
degenerate crystal is given by

fzp(~) =E + [Ez —kTln(uo/n —1)], (10)

dk' ayt dEE
dT dT (8)

where P is the rate of change with temperature of
the difference in energy between bands 1 and 3.
Since dE„,/dT (and hence P) is observed to be nega-
tive, the bands approach each other with increasing
temperature and the Fermi level increases [see
Eq. (2)]. Thus dEz/dT in Eq. (8) is positive. For
large E~ and/or small N (e. g. , in Cd, P2), this term
is small.

E~& 0. In this case,

dE», de
dT dT

The only effect of P is to vary Ez. Since dE„,/dT
is observed to remain negative through the cross-
over region, dE~/dT must also be negative. This
decxease of the Fermi level with temperature is
brought about by a negative value of P. Thus bands
1 and 3 move in the same direction as a function of
temperature, regardless of energy ordering.

The mes, sured values of dE„,/dT may be used to
calculate P from Eqs. (2), (8), and (9). These cal-
culated values of P are plotted in Fig. 4 for m„=~.
The result is an approximately linear dependence
on composition from about —Sx10 eV/ K in Cd3Pz
to about —8x10 eV/'K in CdsAs2. [It should be
noted that the calculated values of P (Fig. 4) neces-
sarily include contributions from lattice vibrations
as well as lattice dilatation. The consequences of
including the vibrational contribution to P are dis-
cussed at length in Sec. IV. ]

In the calculation of the temperature coefficient
three complicating effects have been neglected:
free-carrier absorption, the variation of the Fermi
level with temperature (apart from that due to
changes in E~), and the spreading of the Fermi dis-

where the second term is the displacement of the
edge with varying carrier concentration. Thus the
earlier definition of the edge as E +Ez (for Ez = 0)
will be in error by an amount proportional to kT.
While this correction is negligible at helium tem-
peratures, it may become appreciable at higher
temperatures and can affect the measured value of
the temperature coefficient. This effect is probably
responsible for the observation that the measured
value of dE„„/dT in as-grown C13P2 (N&10' cm )
is greater than that in the copper-doped sample
(N& 10' cm ) by about 0. Sx10 eV/'K (see Fig. 4).

It was not possible to analyze the absorption edges
in these materials accurately enough to determine
whether they are direct or indirect. However,
there is independent evidence which suggests that
while the Cd3P& edge is direct, ' the Cd, As2 edge may
be indirect. ' If this is indeed the case, then no
is probably smaller in Cd, As~ than in Cd, P2. Con-
sequently, the measured transmission edge in
Cd, As, should be shifted less than in Cd, P2, and the
calculated deviation in P for Cd3P&, due to the
broadening of the distribution function, is probably
an upper limit for the system.

IV. DISCUSSION AND CONCLUSIONS

A. Low-Temperature Gaps

The proposal of a band crossing in the
Cd3(As„P, „)2 alloy system near the Cd3As2 end, first
offered by Wagner et al. , appears to be substan-
tiated. Any choice of positive gap in Cd,As2 would
raise the transmission edge to a higher photon en-
ergy than that observed in the x= 0. 75 alloy. For
no value of E~& 0 is the sum of E~ and E~ less than
0. 25 eV, whereas the observed edge occurs at 0. 17
eV. Even if one assumes a 10% smaller carrier
concentration and a value as low as 13 eV for E~,
the transmission edge should occur at a photon en-
ergy of 0. 22 eV or higher for any positive value of E .
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B. Temperature Coefficient

Although a direct comparison with experimental
data is not feasible, it is nonetheless useful to
write an approximate formula, based on the analy-
sis of the temperature coefficient, for E~ as a func-
tion of composition between 100 and 300'K:

E~(eV) = 0. 56 —(0. 76+2. 7x10 T)~

(a)

Pb Te
(b)

x "I-xT
(x& Q.65)

(c)
Sn Te

Kg&0

—3. 2x10 T (Tin'K) . (11)

As noted above, the measured values of dE„,/dT,
and therefore also the calculated values of P, in-
clude contributions from both lattice vibrations and

lattice dilatation. Ithasbeenpointed out, however,
that the Kane formulas are derived for a rigid lat-
tice and hence take no account of the vibrational
contribution to the energy gap. Consequently it
is incorrect, in general, to calculate effective
masses from Eq. (6) at finite temperatures if the
values of E given by Eq. (11) are used. The error
should be totally negligible at helium temperatures,
but discrepancies are known to arise between the
calculated and measured effective masses of InSb
at room temperature. Ehrenreich ' has introduced
a parameter E~, the effective-mass band gap, which
satisfies Eq. (6) at all temperatures. Its exact
relationship to E~ in Eq. (11) is not in general
known, but Coderre and Woolley have shown that

E~ is appreciably greater than E~ in InAs„Sb, , al-
loys at high temperatures.

Among the Cds(As„P, „)~ alloys, only in Cd3As~
has the effective mass been measured as a function
of temperature ' so as to afford a means of com-
paring E, and E~ and of estimating thereby the mag-
nitude of the vibrational contribution to P. The ex-
perimental masses are given in Table II along with
the masses calculated from Eqs. (6) and (11)for
Cd3As2 at liquid-nitrogen and room temperatures.
It is significant first that the calculated values ex-
hibit the correct temperature dependence. In the
model of Fig. 2(b), as bands 1 and 6 move apart
with increasing temperature, the mass at the Fermi
level increases. If a positive-gap model were ap-
propriate for Cd, As&, the mass at the Fermi level
would decrease with increasing temperature.

Although the calculated masses are systematical-
ly higher than the experimental values in Table II,
the percentage changes in the calculated effective
masses as a function of temperature, for both val-
ues of N, do not differ greatly from the experiment-

FIG. 5. Two-band model of Pb„Sn&„„Te (after Dimmock
et g$. , Ref. 30). (a) x=1, E~&0. As temperature in-
creases, bands approach each other. (b) x&0.65, E~&0.
(c) x=0, E~&0. As temperature increases, bands sep-
arate.

P„, = —V2 me kh(m )'~ /(kv) 5~ 2a M . (12)

Here, v is the frequency of optical phonons, a is the
interionic spacing, and I is the reduced ionic
mass. Evaluation of Eq. (12) yields p„„=—1x10 4

eV/'K, which is small by comparison with the cal-
culated value of p = —6x10 eV/'K.

The discrepancy between corresponding values of
calculated and measured effective masses in Table
II is due in part to the uncertainty in the experi-
mental value of N 2 and also to the uncertainty in the
choice of E~. Increasing E'~ and decreasing N yield
somewhat smaller masses but do not appreciably
affect the calculated percentage increase of the ef-
fective mass with temperature.

Another band model which was considered as a
possible description of Cd3(As„P, „)z isthatproposed
by Dimmock et al."for Pb„Sn, „Te. The sign of the
temperature coefficient is of value in distinguishing
this model from the Kane model described above.
In the Pb„sn, „Te system (Fig. 5) the conduction and

valence bands of PbTe approach each other with in-

ally observed change. Consequently E,* and E dif-
fer also by only a small amount. While the accur-
acy of the calculations and of the experimental data
probably does not warrant a more quantitative com-
parison, it may safely be concluded that the dilata-
tional contribution to P is larger than the vibrational
contribution. This conclusion may be verified by
calculating the vibrational contribution. For optical
model scattering, which appears to be the dominant
mechanism in Cd3Asz, ' ' the vibrational contribu-
tion is"

TABLE II. Measured and calculated electron effective masses in Cd3As2.

Temperature
(K)

Calculated ~ /~0
N=1. 5 x10 cm 3 N= 2.0 x10~8 cm 3

Experimental m /mo (Ref. 7)
N= 2 &&10~ cm 3

78
300

0.043
0.048

0.047
0.051

0.042
0.045
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dE„~ d jE ( dE~
dT dT (13)

creasing Sn concentration and eventually exchange
roles. The temperature dependence of the optical
transmission edge is given by

te'mperature coefficient does not change sign when

E~ passes through zero. The observation that a
negative temperature coeff icient persis ts through-
out the Cd3(As, P~ „)2 series thus serves to exclude
the Pb„Sn, „Te model.

For this system, E~, which is defined as the energy
of band 1 minus the energy of band 2, is taken to be
positive in PbTe and negative in SnTe (see Fig. 5).
For carrier concentrations less than 7&&10 cm ',
the first term in Eq. (12) changes sign when E~
changes sign (x= 0. 65 at 12 'K), since the motion
of the bands as a function of temperature is inde-
pendent of energy ordering. ' '" The measured val-
ue of dE„,/dT also changes sign' because the first
term is dominant. This result is opposite to that
deduced above for the Kane model, in which the
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