
DIELECTRIC REI AXATION OF HOPP ING ELECTRONS

Experimentally, normal Ti+' ions have been observed
by para, magnetic resonance. ' The cation sites closest to
the positive ion "core" are in the region of lowest
electrostatic energy, and these nearest-neighbor sites
will be preferentially occupied at low temperatures. The
large dielectric constant in rutile (=150) does not favor
the alternate hydrogenic state since the energy is
reduced by the factor 1/E„and the radial extent of the
hydrogenic orbit, being longcI' than RB estimate of thc
inter-center distance, would give rise to metallic
impurity conduction, not observed in rutile. "

The observation of electrons hopping to and fro at
low temperatures indicates the nature of some of the

"R.R. Hasiguti, K. Minami, and H. Yonemitsu, J. Phys. Soc.
Japan 16, 2223 {1961).

localized states in reduced rutile, namely polarons
localized on cation sites, forming Ti+' ions, in a region
of low electrostatic potential adjacent to a positive ion
core. Also, the results indicate that consecutive inter-
cationic electron hopping in one direction will be in-
volved at higher temperatures during dc impurity
conduction in rutile, and in other similar transition-
metal oxides. Dielectric measurements of this type will
probably be fruitful in measuring the values of some of
the parameters involved in a general trea, tmcnt of the
problem.

cVote added irt proof Am. ore extensive experimental
and theoretical paper will be published [R. K. Mac-
Crone and i.. A. K. Dominik, Bull. Am. Phys. Soc.
12, 42 (1967)].
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The index of refraction of Ga(As1 P ) is measured as a function of photon energy by the minimum-angle-
of-deviation prism method at 300 and 87'K. The dielectric constant in the optical region is found to vary
linearly as a function of mole fraction of GaP between the values for GaAs and GaP. Curve-6t data are
presented which allow calculation of index of refraction at 300 and 87'K for a given crystal composition x
and photon energy. Transmission data on Ga(As1, P ) are obtained at 300 and 77'K. The reactivity is
calculated from the index of refraction and is used to calculate the absorption constant, assuming multiple
internal reQections in the crystal. In the infrared, true free-carrier absorption is observed for degenerate
GaAs-rich mixed crystals, whereas absorption due to transitions from donor levels to the conduction band
is dominant in GaP-rich mixed crystals. The band-to-band absorption seen by Spitzer and Whelan in
GaAs is observed in GaAs-rich alloys, and is thought to be due to transitions from the (0,0,0) minimum
to minima in the (222) directions. Finally, the absorption edge is investigated, and the Burstein shift of the
absorption edge to higher energies with increased doping is observed, as well as shifts to lower energies due
to compensation. In all cases, the fundamental absorption edge is found to exhibit an exponential dependence
on photon energy.

INTRODUCTION

KRY little has been published previously on the
~~

~~

~~

optical properties of n;type Ga(Ast, P,). A few
papers' 4 have given the forbidden energy gap as a
function of mole percent GaP. Allen and Hodby' have

~ This work has been supported by the Advanced Research
Projects Agency, Contract No. SD-131, by the Electronics Re-
search Directorate, Air Force Cambridge Research Laboratories,
Contract No. AF-29(628)-4337, and by the U. S. Air Force Once
of Scientific Research, Grant No. 714-65.

f Present address: Semiconductor Research and Development
Laboratory, Texas Instruments, Incorporated, Dallas, Texas.' 0. G. Folberth, quoted by H. %'elker and H. %eiss, in Solid
State Physics, edited by F. Seitz and D. Turnbull (Academic
Press Inc. , New York, 1956), Vol. 3, p. 51.' F. A. Pizzarello, J. Electrochem. Soc. 109, 226 (1962).

s M. Rubenstein, J. Electrochem. Soc. 112, 426 {1965).
4 J. J. Tietjen and J. A. Amick, J. Klectrochem. Soc. 1D, 724

(1966}.' J. %'. Allen and J. %'. Hodby, Proc. Phys. Soc. (London) 82,
315 (1963).

discussed the absorption constant due to the transition
from the X3, to the X1, conduction-band minima.
Abagyan et al. ' and Chen~ have given far infrared
absorption data for supposedly pure Ga(AsP). Absorp-
tion data for GaAs are plentiful, ~" as well as for
GRP q

' Rnd 1ndex-of-ref l action dRta fol GRAS Rnd

'S. A. Aba, gyan, S. M. Gorodetskii, T. B. Zhukova, A. I.
Zaslavskii, A. V. Lishina, and V, K. Subashiev, Fiz. Tverd. Tela 7,
200 (1965l [English transl. : Soviet Phys. —Solid State 7, 153
(1965)g.' Y. Chen, Stanford Electronics I aboratories Report No.
SEL-65-092 {TRNo. 5108-1), 1965, p. 1 (unpublished).

8 W. G. Spitzer and J. M. %'helan, Phys. Rev. 114, 59 (1959).' M. D. Sturge, Phys. Rev. 127, 768 (1962).
'0 D. K. Hill, Phys. Rev. UB, A866 (1964).» W. G. Spitzer, M. Gershenzon, C. J. Frosch, and D. F. Gibbs,

J. Phys. Chem. Solids 11, 339 (1959)."M. Gershenzon, D. G. Thomas, and R. K. Dietz, in Proceed-
ings of the International Conference on Semicondlctor Physics,
Exeter, 1NZ (The Institute of Physics and The Physical Society,
London, 1962), p. 752.

1' D. T. F. Marple, J. Appl. Phys. 35, 1241 (1964).
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Gap '4" appear in the literature. In the infrared there
are limited index-of-refraction data for phosphorus-rich
mixed crystals of Ga(AsP). 6

This paper gives the results of index-of-refraction
measurements which were made by the minimum-angle-
of-deviation prism method. The present work also
investigates the "free-carrier" absorption, the 0.7- to
1.5-eV interconduction-band transition, and the funda-
mental absorption edge primarily in e-type, GaAs-rich
Ga(AsP) alloy, i.e., the composition of Ga, (AsP) which
is useful for laser junctions.

CRYSTAL GROWTH

The optical properties of the Ga(AsP) crystals
reported on here may depend considerably on the
method of crystal growth, as do the electrical and
luminescent properties. "The samples of this work were

grown by the closed-tube halogen vapor transport
method as described in detail earlier. "This method of
crystal growth is known to yield excellent homogeneity
in doping arid composition. '6 In the process of growing
the GaP source material and then the Ga(AsP), various
impurities may enter the crystal. Besides the dopants
intentionally added, silicon and oxygen are probably
two of the principal impurities which contaminate the
crystals. They can enter the vapor system in either the
growth of GaP or of Ga(AsP) due to gallium reacting
with the quartz walls of the ampule at the temperatures
used. "Silicon can act as a shallow donor, whose level
is about 0.06 eV below the conduction-band edge in
GaP."At high concentrations silicon, being amphoteric,
may be an acceptor by substituting for arsenic or
phosphorus in Ga(AsP) as it does in GaAs" and GaP."
If it acts as a donor, it probably has little more effect
than spleadlng the impurity bands that exist, because
of the intentional e-type dopant. If silicon provides an
acceptor level, the effect will be to compensate slightly
an e-type sample.

Other impurities can unintentionally enter the

system, either from the quartz ampule or from the
gallium, arsenic, phosphorous, or donor dopant, or
during the various steps used to clean and handle the
ampule and raw materials. As discussed below, several

samples show the existence of acceptor levels even

'40. G. Folberth and F. Oswald, Z. Naturforsch. 9a, 1050
(1954)."%, L. Hond, J. Appl. Phys. 36, 1674 (1965)."C. J. Nuese, G. K. Stillman, M. D. Sirkis, and N. Holonyak,
Jr., Solid State Electron. 9, 735 (1966}.

"C. M. %olfe, C. J. Nuese, and N. Holonyak, Jr., J. Appl.
Phys. 36, 3790 (1965).

~' C. N. {ochran and L. M. Foster, J. Klectrochem. Soc. 109,
144 (1962).

» M. Rubenstein, J. Klectrochem. Soc. 112, 1010 (1965).
20 J. M. %helan, J. D. Struthers, and J. A. Ditzenberger, in

Proceedings of the Internet' onus Conference on Semi condlctor
Physics, Pragle, 1%0 (Academic Press Inc. , New Pork, 1960),
p. 943."F.A. Trumbore, H. G. %'hite, M. Kowalchik, C. L. Luke,
and D. L. Nash, J. Electrochem, Soc. 112, 1208 (1965).

though no acceptors were intentionally added to the
crystals used in this work. This behavior can likely be
attributed to Si acceptors.

For index-of-refraction measurements, wafers of 30-
mil thickness were made into prisms. The prism faces
were ground to have an apex angle of near 12'. After
rough grinding they were polished with I.inde C
abrasive on a finely ground glass plate. Final polishing
was done with Linde A abrasive on a beeswax lap.

The centers of the prism faces were used in the
measurements and were Qat to within one wavelength
of sodium light as measured with an optical Rat. Flat-
ness was also measured with the spectrometer auto-
collimator, the fatness requirement being that the

image of the instrument crosshairs be reQected back
from the prism surface in focus. These precautions were

taken to avoid the lensing effect which can occur with
high-refractive-index materials. Scratches on the surface
too large to polish out acted only as an aperture in the
optical beam, since the beam was parallel at the sample.
For these measurements the crystals were mounted
over the aperture in the cold finger of a Dewar as
described below.

The monochromator and chopper sections of a Cary
model 14RI spectrophotometer were used as the light

source for the measurements. The wavelength resolution

was ordinarily 40 to 80 A, although 120 A resolution

was used when a stronger source was needed. For
infrared measurements a 0.25- by 3-mm lead sul6de

detector was mounted on the eyepiece of the divided-

circle spectrometer to detect the focused rays. The
output signal from a standard PbS bias supply was

introduced into a low-pass preamplifier which had a

gain of over 100 at the chopper frequency. The amplified

signal was then observed on an oscilloscope equipped

with a high-gain plug in preampli6er.
A divided-circle Gaertner Student Spectrometer was

used to measure prism angles and angles of refraction.

The spectrometer slit was placed at the focus of the

Cary spectrophotometer, and an adjustable aperture

was 6xed to the collimator, so that only light passing

through the center of its exit lens was used.
The Dewar assembly for cooling of the prism samples

was constructed of stainless steel and insulated with

Styrofoam, and was mounted on the prism table with

polystyrene rods in such a way that it could be moved

in order to maintain the sample prism in the center of

the light beam as its refractive edge (the intersection

of the two refractive faces) was adjusted to be vertical.

A large polyethylene jug was cut to enclose the center

post supporting the prism mount and the apparatus
collimator and telescope lenses. Polyethylene film was

used to seal around the top edge of the Dewar and the
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telescope but still allow movement of each. The
aperture which masked all but the centers of the
collimator lens and crystal was mounted near the
crystal. Thus, when the Dewar was removed to measure
the angle of the unrefracted rays, only those rays passing
through the aperture were measured. For 87'K meas-
urements, the sample space was kept under a positive
pressure of gaseous helium to keep condensate from
forming on the sample prism. To measure sample tem-
perature, a thermocouple was mounted in a small hole
in the cold finger near the sample prism. The prism was
mounted with Kakefield Thermal Compound on the
Dewar cold finger.

To adjust the prism sample so that the minimum
angle of deviation could be measured, the approximate
angle of minimum deviation was first determined. The
telescope was then set at a slightly lesser angle, so that
the signal on the oscilloscope was about 50% of full
screen. The prism was then rotated until the signal was
maximum. The angle of the refracted ray was deter-
mined by averaging the angular positions on either side
of maximum signal at which the signal was 3 of maxi-
rnum. The angle of the unrefracted rays was measured
in the same manner with the Dewar removed.

With the Gaertner Student Spectrometer the sample
prism apex angle and angle of minimum deviation
could be measured to closer than 1' of arc. This led to a
calculated worst-case error in index of refraction of less
than &0.006 due to error in prism apex measurement,
and &0.002 due to error in measurement of the angle of
the refracted ray. The prism angle could easily be set
to within 1'. This led to a calculated possible error of
+0.0015. Thus, the maximum total error could be
+0.0095 to —0.0065 or about +0.3% to —0.2%.

I
I

I
I

I
I

I
I

I
I

1 I I
I

I
I

I

GaAs x=o

3.5

0
o 3.4
O

O

x 3.2

3.l

3.0 I i I i I i I i I ~ I i I r I i I

.6 .8 I.O 1.2 1.4 1.6 1.8 2.0 2.2 2.4

P hoton Energy (eV)

Fio. 1. Index of refraction of Ga(AsP) at 300'K as a function
of photon energy for several values of mole fraction GaP. Solid
lines are the result of curve fitting.

Results and Discussion

Figure 1 shows the index of refraction at 300'K as a
function of photon energy for GaAs and GaP, and for
Ga(AsP) of a number of different values of mole per-
cent phosphorus. Figure 2 shows the results of measure-
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I'IG. 2. Index of refraction of Ga(AsP) at 87'K as a function
of photon energy for several values of mole fraction GaP. Solid
lines are the result of curve fitting.

ments at 87'K. The solid curves are calculated from
the equation"

~&=g +g3),2/ (g2 —Q) (1)

with the photon wavelength X expressed in microns and
the equations for A, 8, and C given in Table I. With
the parameters of Table I, Eq. (1) fits the experimental
points to within 0.009 for all values of crystal composi-
tion x except @=0.125, which seems to be a spurious
point as discussed below. This is within the maximum
experimental error.

The curves in each case were cut o6 at low photon
energies either by the long-wavelength cutoQ of the
lead sulfide detector or by high free-carrier absorption
in the crystal, and at high photon energies by the large
band-gap absorption. Measurements were made by eye
from 1.7 eV to the band gap in samples of more than
0.25 mole fraction GaP. In these cases the plotted
curves turn upward more, inasmuch as the eye served
as a more sensitive detector than the electronic instru-
mentation used, and thus allow measurement more
closely to the band-gap edge. Because of the homoge-
neity of the samples, the slit image always appeared
sharp and was spread very little when the refracted
rays were observed visually.

The formulas of Table I were obtained by fitting the
experimental points for each x with Eq. (1) after the
method of Marple and Kreiger. ie The values of the
parameters for the best curve fit for each crystal

Thsz.z I. Curve-6t parameters for refractive index n'=A+8)'/
(PP —C) as a function of x for Ga(Asi, P ).

300'K
A =4.1189+4,0625x —10.3446x'+2.7809x'
B=6.6369—5.8747x+ 10.6049x' —2.9874
C= I 1.23978/(2. 9025+0.5088x+1.1201x')]'

87'K
A =5.3551+2.1630x—7.8548x'+2.5740x3
B=5.1470—3.7008x+7.8490x' —2.6754xa
C=L1.23978/(2. 7402+0.8356x+0.6544x )3
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TABLE II. Curve-Gt parameters to 6t original data
for Ga(As1 P ) for refractive index.

0.0 4.0518
0.06 0.1956
0.125 4.2798
0.25 4.6599
0.35 4.3483
0.417 4.1354
0.625 0.3963
1.00 0.6215

0.0 5.2324
0.06 1.1506
0.125 4.6822
0.25 4.3235
0.35 5.7007
0.417 4.9081
0.625 3.9915
1.00 2.3234

300'K
6.6961 0.1820

10.4358 0.1182
6.1803 0.1721
5.6310 0.1622
5.8149 0.1486
5.8977 0.1390
9.2240 0.0876
8.3765 0.0749

87'K
5.2620 0.2016
9.2208 0.1221
5.5491 0.1699
5.7631 0.1471
4.2864 0.1685
4.9301 0.1473
5.5152 0.1200
6.5365 0.0866

10.7479
10.6314
10.4601
10.2909
10.1632
10.0331
9.6203
8.9980

10.4944
10.3714
10.2313
10.0866
9.9871
9.8382
9.5067
8.8599

Maximum
error

0.0034
0.0030
0.0034
0.0042
0.0036
0.0030
0.0048
0.0060

0.0050
0.0038
0.0024
0.0036
0.0039
0.0028
0.0036
0.0042

composition x are shown in Table II, along with the
high-frequency dielectric constant e„=2+8 (in con-
trast to frequencies below the reststrahlen frequencies)
and the maximum error of the fit. The square root of C
is the wavelength XD of the classical oscillator, and the
peak. of absorption is at the classical oscillator frequency
ros=2s. c/Xs, where c is the speed of light. Since the
energies of the lowest band gap of Ga(AsP) and higher-

energy subsidiary gaps are roughly linear with crystal
composition x""the energy 1.24/Xs ——1.24/gC should

be nearly linear with x. However, the constant C ob-
tained by curve fitting depends strongly on how much
the index of refraction turns upward near the band gap.
Thus, for the samples in which measurements in the
visible could be made, the constant C is relatively lower
and the energy 1.24/QC is higher. Hence, the curve
of 1.24/gC as a function of crystal composition x bends
upward for higher x values. The values of 1.24/QC
which best fell on a line were least-squares curve fit.
Then from the calculated values for C, new values of 3
and 8 were calculated, once again by fitting of the
experimental points by the least-squares procedure.
Finally, the parameters A and 8 for each x, apart from
those for x=0.125, were least-squares fit as a function
of x to arrive at the equations of Table I.

Figures 3(a) and 3(b) show the variation in index of
refraction of Ga(AsP) as a function of composition x a,t
constant photon energy. These curves are linear at low

energy as has been reported by Abagyan et al. ' The
curves turn upward at lower energies for low values of x
because here band-gap absorption begins to occur. It is
seen that data from both of the x=0.125 samples do
not fall on the curves at low energy, and data from the
selenium-doped sample are lower everywhere. Thus,
the value x= 0.125 was not used in the curve fitting. An
x=0.625 selenium-doped sample falls on the curve, so
that no generalization can be made regarding the

22 T. K. Bergstresser, M. L. Cohen, and E. %. Killiams, Phys.
Rev. Letters 15, 662 (1965).

'~ J. C. Woolley A. G. Thompson, and M. Ruhinstein, Phys.
Rev. Letters 15, 6 0 (1965).
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TAHL'K III. Summary of the properties of Ga(As&, P,) samples used for absorption measurements.

Sample

1
2
3

5
6
7
8
9

1.0
11
12
1.3
14
15
16

0.06
0.125
0.125
0.25
0.25
0.25
0.30
0.30
0.33
0.33
0.33
0.33
0.44
0.50
0.625
0.625

Dopant

Tc
Te
Se
Se
Se
Tc
Tc
Te
T. c
Tc
Te
Tc
Tc
Te
Sc
Te

Quahty+

p
p

s)C

C

q)C
)C

PC
,C

,C

Cl,P
cl,p,v

C

cl,v

Carrier
conC.
(cm ')
300'K

~ ~ ~

1.76X 10»
1.04X10»
8.23X10»
1.67X10»
1 47X10»
7.8 X10»
3.9 X10»
5.1 X10»
7.7 X10»
1.6 X10»
2.4 X10»
6.65X10»

0

~ ~ ~

1.02X10»

Mobility
(cm'/V sec)

300'K

~ ~ ~

32.9
322
298
380
713
500
680
92.1

624
605
399
146

s ~ ~

~ ~ ~

30.4

Exponential
slope
(CV-~}
300'K

15.2
13.55
14.8
12.8
9.84

14.94

~ ~ ~

10.2
10.8
11.0

0 t

11.9
~ ~ ~

7.22
7.22

Carrier
Conc.
(cm ')
77 K

~ ~ ~

102X10»
1.03X10»
1.6 X10»
1.51X10»
9.6 X10»
4'.15X10»
6.37X10"
1.26X10»
1.65X10»
2.02X 10»
5.01X10"

~ ~ ~

~ ~ ~

9.86X10»

~ ~ ~

368
187
423
727
473

1060
482
690
915
605
600

~ ~

~ ~ ~

137

18,8
13.4
17.2
10.4
12.0
12.87
11.2

~ ~ ~

7.78
10.2
10.2
6.83

~ ~

7.26
8.1

Exponential
Mobility slope

(cm'/V sec) (eV ')
77'K 77'K

' Quality code: s: single crystal, q: quasisingle, p: polycrystalline, c:clear, pc: partly cloudy, cl: c1oudy, v: voids.

CRects of the type of dopant on index of refraction from
these data.

We might expect that even at low values of photon
energy the curve of index of refraction as a function
of x for constant photon energy would be nonlinear,
since there is added absorption due to spin-orbit
splitting for x less than 0.50 or 0.60 as deduced from
the reQectivity data of Bergstresser ei al.~ and Woolley
et al." In the range of composition x where there is
added absorption due to spin-orbit splitting, the index
of refraction should be relatively higher than in the
0.5&@&1.0 region, causing nonlinearity in the curve.
These measurements, however, show no such non-
linearity due to the small eRects expected at low
energies, the a,ccuracy of the measurements, and free-
carrier eRects. When the high-frequency dielectric con-
stants e„=2+8 from Table II are plotted as a function
of mole fraction GaP in Ga(As~, P,), along with 2+8
calculated from the equations of Table I, we see that
there is a slight discrepancy between the two plots, but
essentially e„varies linearly as a, function of mole
fraction GaP between the values for GaAS and GaP.

The measurements reported here for GaAs and GaP
compare favorably with the measurements of Marple
for pure GaAs, "of Bond for pure GaP,"and of Folberth
and Oswald for apparently very impure GRP.'4 The
small diRerences are due to diRerences in the doping of
the crystals. If the CRective mass m~= 0.072m for GaAs,
from Stern's'4 Eq. (22) the change in index of refraction
due to free carriers is

An= —9 6X10 "N/nE'

where S=free-carrier density, e= index of refraction,
and A=photon energy in electron volts. For a free-
carrier density of X=3.5 X10"carriers/cm', 8 0.7 eV,
and n=3.1, Ae is calculated as —0.02. A free-carrier

'4 I'. Stern, Phys. Rev. 133, A1653 (1964),

density of X=3.5&&10's carriers/cm' is roughly the
doping level in the GaAs sample measured, and
An= —0.02 is roughly the diRerence in Marple's data.
for "pure" GaAs and the present measurements for
doped GRAs Rt R photon cncI'gy of 0.7 CV. Similarly
Bond's values for "pure" GaP are somewhat higher
than those reported here, and Folberth and Oswald's

are slightly lower.

XSSom no@
Experimental

The crystals used for absorption measurements were
mostly polycrystalhne with individual crystallites
having dimensions of roughly 3 mm. Most were clear
and homogeneous appearing when examined in trans-
Dllsslon with a stI'ong light. Some, hom'cvcl, m'cI'e cloudy
over part of the area used, and those are noted as
cloudy in Table III. Table III shows also crysta, l
quality and doping for each sample.

Previous measurements have indi. cated tha, t ingots
grown in this laboratory are quite homogeneous with
regard to doping and mole fraction GaP in Ga(AsP).""
Therefore Hall data probably are accurate for optical
samples, although measured on the same ingot but other
wafers than those used in the optical measurements
reported here. Carrier concentration wa, s calculated
from the equation R= 1/ne, but this must be interpreted
with cognizance of the effect of the relative position of
the direct and indirect minima on the Hall CQect.~'

The wafers for absorption measurements werc pre-
pared by grinding with successively oner compounds
to a depth such that work damage from previous saw
cuts or grinding was reduced if not eliminated. Polishing
was accomplished with I.inde C and A abrasives, and

"C. M. %olfe, ¹ Holonyak, Jr., C. J. Nuese, G. K. Stillman,
M. D. Sirhis, and D. Hill, J. AppL Phys. 37, 434 (1966).
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4. For x&0.625, there are very few electrons in the

(0,0,0) minimum, most being in the (1,0,0) minima and
the indirect donor levels at both 77 and 300'K.

5. Since the absorption constant has the character-
istics shown in Fig. 8, and discussed above, and changes
in the way the number of electrons in the (0,0,0) mini-

mum changes with x and temperature, we see that for
x(0.4 or 0.5 the initial state is the (0,0,0) minimum.
The evidence that the initial state is the (1,0,0) minima
or the indirect donor levels for x&0.5 is discussed
below. In any case, the initial energy is probably near
the Fermi level.
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FIG. 10. Excess absorption in Ga(AsI, P ) at 77'K (due to
interconduction-band transitions) as a function of wavelength
with mole fraction GaP. a parameter.

The initial state cannot be a deep level, as it would
be at least 0.3 eV below the conduction band and would
be occupied at all temperatures, giving a different tem-
perature dependence from that experimentally ob-
served. The final state of the transition is more dificult
to specify. Spitzer and Whelan' originally guessed that
the (1,1,1) minima are the final state, based on
Callaway's model for GaAs. ~ Haga and Kimura35 feel
that the (1,0,0) minima are the final sta, te.

Figure 11 shows why Spitzer and Whelan are most
likely correct, The energy of the transition, as defined

by the energy where the absorption constant of the
band-to-band transition is 20% of the maximum, is

change in energy and magnitude for x=0.625. It might
be argued that the apparent thresholds are caused by
broad absorption bands a', much longer wavelength,
which one sees only when free-carrier absorption is
slight at short wavelength. The absorption curves for
GaAs and for Ga(Asp pqPp 33) at 77'K, however, show
a definite "hump" and therefore provide the most
reliable evidence of an absorption. threshold near 0.4
to 0.6 eV.

To determine which interband transition causes the
broad peak, it is necessary to first determine the initial
state of the transition. From the above data for x less
than 0.4 or 0.5, it is clear that the initial state is in the
(0,0,0) minimum, or possibly the donor level beneath it
if the semiconductor is nondegenerate. There is evidence
to indicate that the initial state is in the (1,0,0) minima,
or the indirect donor levels for x)0.5. The reasoning
is as follows:

4.0—

3.0

2.0
UJ

Energy of Transitions
and of

d t 8 d M

1. The absorption constant is proportional to the
number of electrons in the initial state.

2. For x(0.4 or 0.5, as temperature is lowered the
(1,0,0) minima move upward with respect to the (0,0,0)
minimum, thus causing any electrons in the (1,0,0)
minima or their associated donor levels to move into
the (0,0,0) minimum. "Thus for 0.3(x(0.5, the (0,0,0)
and (1,0,0) minima are close together, and there are
more electrons in the (0,0,0) minimum at 77 than at
300'K.

3. For 0.3&x&0.5, the absorption constant is higher
at 77 than at 300'K in the interconduction-band
transition region.

I.O

r nil

0 I I I I I I I I

0.5

Mole Fraction GaP

I.O

FzG. 1i. Energy of transitions and of conduction-band minima
of Ga(As1, P ) as a function of mole fraction GaP.

"J.Callaway, J. Electron. 2, 330 (19S7)."E. Haga and H. Kiinura, J. Phys. Soc. Japan 19, 1596 (1964).
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plotted in the lower part of the figure. In the upper
portion are plotted the approximate values of the (0,0,0)
and {1,0,0) band gaps. The open circles represent the
energies at which the band-gap absorption constant is
150 cm ' for the samples measured, and is an indication
of the Fermi level since transitions from the valence to
conduction band must end at an empty state. At the
top of the 6gure are plotted the energy of the A.3, —+ A.~,
transitions" at 80'K and the energy of the final state,
which is obtained by adding the threshold energy and
the estimated energy of the Fermi level as given by the
open circles. We see that the energy of the transition is
larger than the separation of the (0,0,0) and (1,0,0)
minima. The energy of the final state is near the energy
of the (1,0,0) minima only for x=0.0.

The point at @=0.625 may be in error, As seen in

Fig. 7 only a slight nonlinearity is observed for sample
15. This is further seen in Fig. 10. At this wavelength,
a mistake of judging the threshold by only 500 A

changes the energy of the threshoM by 0.05 eV. Further-
more, it is not known whether the initial state is the
(1,0,0) minima or the R.ssocia, ted indirect-donor level.
This could change the energy of the final state by as
much as 0.1. eV. It is clear that the extrapolation to
GaP shown by the dashed line is not valid if the
explanation given below is correct. It wouM seem that
the curve must bend down for large values of x, or the
curve, if linear, must have a lower slope.

The final state may be the (1,1,1) minima, or another
point in the Brillouin zone which satisfies the relation'6

grad, E;„;„,IQ) =grad&EI;„,I{a). (5)

Tllus, tllc Illaxllila between tile (0,0,0) Rlid (1,0,0) ol

(1,1,1) minima, or a saddle point, could be a final state.
However, the lifetime for a maximum would probably
be so small that it would amount to a virtual state, and

the electrons wouM fall to lower minima.
Various authors have reported the energy of the

As,~AI, transitions in Ga(AsP) """Thompson et al.sr

3' J. C. Phillips, Phys. Rev. 104, 1263 (1956).
37 A. G. Thompson, M. Cardona, K. L. Shaklee, and J. C.

%oolley, Phys. Rev. 146, 601 (1966}.

have explained their spin-orbit splitting data as being
due to a shift in position of the A. transitions in k space
from a point with large k toward k=0. The energy of
the A transitions in GaAs is of nearly the same energy
as the L3, —+I.~, transitions, and the energy of the
(1,1,1) minima is only slightly less than the energy of
the final states of the Ae„—+ A~, transitions. Thus for
GaAs the difference in energy of the A transitions sub-
tracted from the energy of the (1,1,1) minima is roughly
the energy of the valence band at the point in k space
where the A transitions take place. This is not so for
Ga(AsP), because as the point in k space where A

transitions take place shifts toward F with larger x, the
final state at AI, is at a higher energy than the (1,1,1)
rninirnum. Thus, the energy of the (1,1,1) minimum
should always be less than the energy of the A transi-
tion, and the extrapolation and, the point at x=0.625 as
shown in the (1,1,1) energy curve in Fig. 11 may not
be valid. Furthermore, in order to be consistent with
the spin-orbit splitting data of Thompson et al. , the
curve for the (1,1,1) minima should probably have less
slope than shown for x(0.4 or 0.5 (this is possible if
the x=0.0 point is too low), and then turn upward
near @=0.4 or 0.5. The alternative to this explanation
is that the energy of the valence band, at I. is much
greater for GaP than for GaAs, and this is highly
unlikely.

Thus the proposition that the 6nal state for the transi-
tions reported here is the (1,1,1) minima is not in-
consistent with reQectivity data, within the limits of
possible large experimental error for these measure-
ments. The extrapolated data for GaP disagree with the
speculation of Subashiev and Chalikyan" based on a
study of the fundamental absorption edge, and it is at
variance with the GaP zone structure obtained by
pseudopotential calculations. "The method used in this
report is, however, more reliable, and gives a better
estimate of the position of the (1,1,1) mirnma in GaAs,
Ga(AsP), and GaP.

Culve 6tting of the excess absolptlon using the
equations of Haga and Kimura35 has been attempted
here, but the best fit showed that the effective mass of
the 6nal state is less than the effective mass of the
{0,0,0) minimum, a fact that present pseudopotential
calculations contradict. This also does not seem possible
considering the discussion above of the A transition. A
further pertinent result is that the virtual state for the
transition is in the (1,1,1) conduction band or the (0,0,0)
minimum, and not in a higher-lying minimum.

Flgule 12 shows the optical density of a sUHUr-doped

Ga(Ass siPs. ss) sRmPle in the interconduction-band
transition region. The optical density is proportional
approximately to the absorption constant. The absorp-
tion constant was not calculated for this sample, as
there were voids in the crystal and a pinhole allowed

38 V. K. Subashiev and G. A. Chalikyan, Phys. Status Solidi 13,
K91 (1966).
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light to shine directly through the sample. The inter-
mediate temperature measurements were made as the
Dewar was warming, and the temperature for this curve
is not constant. The essential features, however, are
shown. The slight peak at 0.85 eV is probably due to
an unidentified impurity.

The sects of the indirect donor level on the electrical
properties of this sample were previously reported. '
The explanation for the change in absorption constant
follows closely the explanation for the change in elec-
trical properties. At 77'K the indirect donor level is
near the Fermi level for sulfur-doped Ga(Aso. mPo. ss)
inasmuch as sulfur has a high ionization energy. The
(0,0,0) minimum is somewhat depopulated by the in-
direct donor level, and in contrast with the Te- and
Se-doped samples described above, the absorption
constant is smaller than for 300'K. As temperature is
increased, the indirect conduction band and donor
levels shift down relative to the (0,0,0) minimum,
further depopulating the (0,0,0) minimum and lowering
the absorption constant. Further increase of the tem-
perature causes the indirect minima and associated
indirect donor levels to drop still more, but the Fermi
function spreads, depopulating the indirect donor level,
increasing the number of electrons in the (0,0,0)
minimum, and causing the absorption constant to rise.
Recent resistivity measurements by G. E. Stillman of
this laboratory confirm this previously postulated
population of the (0,0,0) minimum with temperature.
Thus, absorption measurements provide a method to
study the effects of the indirect donor level and confirm
earlier observations. "

Fundamental Absorption Edge

Most of the samples studied here are heavily doped
and show some of the effects expected for impure semi-
conductors. As seen in Figs. 4 through 7, the absorption
edge in heavily doped Ga(AsP) has an exponential
dependence on photon energy, As explained for GaAs
by Lucovsky, '9 this is due to transitions between
acceptor and donor bands which have a Gaussian shape.
There are no acceptor levels intentionally added to
these samples, but impurities can find their way into
the crystals, e.g. , Si which is amphoteric and can act
as a donor or acceptor, as previously discussed.

Shifts in the measured band-gap energy of Ga(AsP)
due to doping are very evident. Figures 4 through 7

show the spread of energy for various values of com-
position x. We see that the curve of sample 8 with x=0.3
and 3.9)&10' carriers per cm' is shifted into the curves
for x=0.33 for crystals of less doping. Figure 13 shows
at 300 and 77'K the energy at which n= 100 cm ' for
several samples of composition x=0.25, 0.30, and 0.33
as a function of carrier concentration. In these cas.s it
is obvious that the band gap is larger for higher doping,
consistent with the Burstein shift. One x=0.33 point

G. Lucovsky, Solid State Commun. 3, 105 (1965).

Burstein Shift in Ga (As, „P„)
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FIG. 13. Energy at which Ga(As&, P,) absorption constant is
100 cm ' at 300 and 77'K as a function of carrier concentration
with mole fraction GaP a parameter.

40 W. Kaiser and H. Y. Fan, Phys. Rev. 98, 966 (1955).

at 300'K falls far o6 the plotted curve, and from
Table III we see that this sample (number 9) is non-
degenerate. The nondegeneracy may be due to partial
compensation, which would lower the energy gap. From
Fig. 13 we see that the energy changes with temperature
by about the same amount for each value of x, but there
is more than the expected variation from x=0.25 to
x=0.30 at both temperatures. The variation from
x=0.30 to x=0.33 is about correct. One point for
x=0.25 is near the expected value. The two x=0.25
points, which are low, are for Se-doped crystals. The
point near the correct value is for a Te-doped crystal.
Thus there may be some effect on the optical band gap
due to the dopant. No calculations for the Burstein
shift using the equation of Kaiser and Fan' was per-
formed since 0.0, the absorption constant for pure
material, was not known, and the samples described
here are doubtless compensated.

Shifts of absorption to lower values of energy are even
more obvious than shifts to higher energy. Sample 2
with x=0.125 was grown with a large quantity of Te
in the ampule and should have been strongly n-type.
This is, however, material with a measured resistivity
of 100 cm and a room-temperature carrier concentra-
tion of only 1.76&10" carriers per cm', indicating
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strong compensation. The low mobility indicates a large
impurity concentration, and the low free-carrier
absorption is another indication of compensation. The
eBect on the band gap is evident in Figs. 4 and 6. The
band-gap energy shifts to lower values, lower, in fact,
than the band-gap energy for pure GaAs. The total
shift appears to be about 0.1S eV, and is due to transi-
tions from a ulled acceptor level to an empty donor
level which overlaps the conduction band. '

The exponential slope defined by the constant m

when the absorption constant is written as no=e " is
given in Table III. The results of Lucovsky's theory are
that the slope is less in more compensated materials
and does not change much with temperature. "This is
seen also for sample 2. There are other samples (10,15)
whose slopes do not change much with temperature,
but are about average for their value of mole fraction
GaP. These samples do not appear compensated. The
slope of the absorption edge seems to decrease for larger
values of x, although the crystals are not more com-

pensated. The cause for this is unknown at this time,
but it is possible that when the (1,0,0) minima are
suKciently close to the Fermi level Lwhich is above the

(0,0,0) minimum in heavily doped GaAs-rich material),
then indirect transitions may be as favorable as direct
transitions to a state near the Fermi level. It may also
be due to the fact that absorption is higher for alloys
with composition x near 0.5, and the slope is calculated
for a comparatively low value of absorption constant
where the curved portion or "tail" of the absorption
curve interferes in high-absorption material.

The "tail" at the absorption edge in the samples
described here appears to be due to the addition of
free-carrier absorption and band-to-band transitions to
the fundamental edge absorption, rather than due to
disorder effects. Subtracting the free-carrier and band-
to-band absorption from the measured curve gives
almost a straight line on a semilog plot. There is diffi-

culty in doing this accurately since the slope of the
band-to-band absorption curve at energies higher than
band gap is not well known. Samples with very heavy
doping (e.g., sample 8) do show a much more pro-
nounced rounding Dear the absorption edge. This
appears to be due to optically active un-ionized n-type
dopants as proposed by Vieland and Kudman, "and is
the reason that the band-to-band transition discussed
above is dificult to see in heavily doped material (see
Fig. 4). In the curves for sample 7 at 300'K, and
samples 4 and. 7 at 77'K, we see a change in slope at
1.1 eV that is probably due to transitions from acceptor
states. "The acceptor states appear to be about 0.5 eV
above the valence band and are most likely due to
deep-level contaminating impurities.

Finally, we mention that the results we have pre-
sented are to some extent aRected by crystal purity. In
contrast to earlier work, however, these results are for
well-annealed, homogeneous crystals which uniformly
yield lasers of predictable wavelength. " Hence, this
study is believed to be truly representative of
Ga(As~, P,) and its band structure (adjustable).
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