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Photoluminescence in heavily doped GaAs. II. Hydrostatic pressure dependence
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The photoluminescence at the direct E, gap of heavily doped p- and n-type GaAs has been measured as a
function of hydrostatic pressure using a diamond anvil cell. In p-GaAs the emission at E, is still observed
for pressures above that at which the material becomes indirect. The intensity of the emission at very high
pressures normalized to that of zero pressure can be related to the radiative recombination and the
intervalley scattering times. From the pressure dependence of the intensity, besides the pressure coefficient
of the X{ minima, an average scattering time for transitions from ['{ to X is obtained. Luminescence at the
indirect gap X{-I'y was observed in GaAs with 1.6 X 10'® holescm ™ for pressures between 40 and 55 kbar.
The E, gap, obtained from luminescence measurements, shows at room temperature the same sublinear
behavior as a function of pressure as was reported by Welber et al. At low temperatures (T = 120 K),
however, we measured a linear pressure dependence. The corresponding linear pressure coefficient is 30%
lower than that at room temperature. In n-GaAs the linewidth of the emission changes drastically with
increasing pressure; the emission disappears when the lowest gap becomes indirect. Both phenomena are due
to the transfer of free electrons from I'{ to X§. The linear pressure coefficient of the luminescence lines is

smaller than for the p samples because of the pressure dependence of the Burstein-Moss shift.

I. INTRODUCTION

The development of the diamond anvil cell and
the ruby fluorescence manometer has given new
impetus to the investigation of the electronic and
vibronic states of semiconductors under very high
hydrostatic pressure.’? During the past four
years, first and second-order Raman spectra,®®
absorption®?® and photoluminescence®:® have been
investigated with the help of the diamond cell. In
some cases materials were shown to undergo
phase transitions at high pressures.® The general
trends of the dependence of the energy gaps of
germanium and zinc-blende -type semiconductors
on hydrostatic pressure has been known for some
time as a result of work at “low pressures”

(~10 kbars).'® With increasing pressure the I'§
conduction-band states rise rapidly relative to
the [’y valence-band states: the E, direct gap
[{-I§ increases. The X { conduction-band minima
along the {1,0, 0} directions move slowly towards
the ' valence-band states: the indirect gap X {-
[y decreases slightly with increasing pressure.
The L{-I} indirect energy gap also increases with
pressure (L are the conduction-band minima at
L{1,1,1}). The rate of increase, however, is
roughly half that of the E, gap.

GaAs is a direct-gap semiconductor at normal
pressure. Owing to the different signs of the
pressure coefficients of the E; and X {-I'} gaps a
crossing between the I'f and X { conduction-band
minima takes place when the pressure is increased
above 40 kbar. The lowest gap becomes indirect
and the band structure resembles that of GaP. As
a result of this crossing the luminescence effi-

ciency decreases and, in the case of undoped GaAs,
the £, emission completely disappears for pres-
sures beyond 45 kbar.® A similar decrease of the
E, luminescence was recently reported for InP at
pressures around 100 kbar.® By fitting the pres-
sure dependence of the emission intensity with a
theoretical expression, Yu and Welber® and Miiller
et al ® were able to determine the pressure coef-
ficient of the indirect energy gap X $-I's.

In this paper we report the hydrostatic pressure
dependence of the photoluminescence from heavily
doped p - and n-type GaAs. Owing to the enhance-
ment of the luminescence by the free holes, the
luminescence across the direct energy gap E, is
still observed for the p-type samples when the
material becomes indirect. The ratio of the in-
tensities after and before the “I'{, X §{” crossing
increases with increasing hole concentration and
can be related to the hole concentration of the ra-
diative recombination time. By fitting the mea-
sured dependence of the intensity on pressure, we
obtain the pressure coefficient of the X {-I'} indi-
rect gap and the scattering time from the I'y to
the X | states.

The fact that the emission from FE is seen after
the “I'$, X$” crossing in heavily p-doped samples
opens the possibility of performing temperature-
dependence measurements of the pressure coef-
ficients for pressures up to the phase transitions.
Such measurements are difficult to perform with
transmission techniques as it is difficult to focus
the probing beam on the sample placed in a dia-
mond cell inside a Dewar. Accurate focusing is
not required for luminescence measurements,

At room temperature our measurements repro-
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duce the sublinear pressure dependence of the di-
rect energy gap E,, as determined by Welber

et al.* However, at low temperatures (7 = 120 K)
we found the dependence of E, on pressure to be
linear, with a slope around 30% lower than that
found at room temperature (see Table II)., The
difference between the E, gap at 120 K and at
room temperature shows a parabolic dependence
on pressure. .

We have reported in p -GaAs luminescence at the
E,+ A, gap (4, the spin-orbit splitting), at the in-
direct gap X {-I'j, and possibly from impurity
levels associated with the X § conduction-band
minima.!?1® We failed to observe these weak
emissions when the sample was placed in the dia-
mond cell: the small volume of sample and the
poor collection efficiency of the pressure chamber
allow only the stronger emission from E, to be ob-
served. However, for samples with 1.6 x 10*®
holes em™ a new emission line appears in the
pressure range between 40 and 55 kbar. It can be
identified as related to the X {-TI} indirect gap.

The second part of the paper deals with the pres-
sure dependence of the emission from heavily doped
n-GaAs. As in the case of pure GaAs the intensity
of the direct-gap luminescence vanishes for pres-
sures above which the material is indirect. The
transfer of the free electrons from the I'f mini-
mum to the X§{ minima with increasing pressure
accounts for this behavior of the intensity. The
shape of the emission line changes drastically for
pressures near the “I'$, X¢” crossingas aresult of
a rapid decrease of the Fermi level with respect
to the bottom of the I'{ conduction band.

The photon energy of the emission from degen-
erate n-type semiconductors is very sensitive to
the Burstein-Moss effect.'* At 120 K the emis-
sion from n-GaAs moves to higher energies with
increasing pressure with a linear pressure coef-
ficient smaller than that measured for,the p-type
samples. The difference between both linear
pressure coefficients can be explained by consi-
dering the pressure dependence of the Burstein-
Moss shift.

II. EXPERIMENT

The GaAs samples were cut from single crystals
and the carrier concentrations determined from
Hall-effect measurements. After a wafer was
polished to a thickness from 20 to 40 ym, it was
broken into small pieces. A fragment was selec-
ted under the microscope and inserted into the 200-

L m hole of the pressure cell gaskettogether with a
ruby chip for the determination of the pressure.?
A 4:1 mixture of methanol and ethanol was used as
a pressure transmitting fluid.
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The experiments were performed in the back-
scattering configuration using the high-pressure
diamond cell described in Ref. 14, For the low-
temperature measurements the cell was placed in
an evacuated cryostat and held by a copper cold
finger in contact with a liquid-nitrogen bath. The
pressure could be varied from outside even when
the system was cold. It was monitored by the ru-
by fluorescence technique.2?:1® The ruby lines
did not show any asymmetry or abnormal behavior
at higher pressures even at low temperature; we
thus exclude possible pressure gradients or uni-
axial stress components (maximum estimated

_ strength of such components =~ of the pressure

10
shift which corresponds to the ruby fluorescence

width, =~+1kbar). The temperature in the pres-
sure chamber was determined in two independent
ways, the energy of the E, gap at very low pres-
sures'? and the temperature dependence of the ruby
lines.'® Both determinations agree to within +10
K.

The photoluminescence was excited with either
the 4880- or 4579-A lines of an Ar*-ion laser and
analyzed with a Spex 0.8-m double monochroma-
tor. The detection was performed with an RCA
31034 photomultiplier with photon-counting elec-
tronics. The recorded spectra were corrected
for spectral response of the monochromator -
multiplier setup.

III. RESULTS AND DISCUSSION
A. Pressure dependence of the intensity (p-GaAs)

Figure 1 displays the emission around the E,
gap for various pressures at 120 K in p-GaAs with
9 x 10'° holes cm™®, In the range of pressures be-
tween 30 and 45 kbar the intensity of the lumines-
cence decreases exponentially as a result of the
crossing between I'f and X { conduction-band
states. However, the emission lines do not disap-

Ga As (Zn-doped)
P= =9x109 cm3
195 304 p=5xI0"cm

106 kbar kbar T=120 K

1 4
Ashsec 30" cte/sec 96 kbar

63.2 kbar

Emission Intensity

160 w020 22 24
Photon Energy (eV)

FIG. 1. Typical emission spectra around the E; direct
gap as a function of pressure at 120 K for a heavily Zn-
doped p-GaAs with 9 x10 holescm™. With increasing
pressure the emission lines shift to higher energies.
Their intensity decreases for pressures between 30 and
45 kbar because of the “I"{, X$” crossing. Although the
material becomes indirect after this crossing, the emis-
sion from E, can still be observed.
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pear completely when the material becomes indi-
rect, as is the case for undoped GaAs.® This be-
havior of the luminescence across the direct gap
E, as a function of pressure is observed for hole
concentrations above 10'7 holes cm™3; it is shown
in Fig. 2 for a series of samples of various hole
concentrations. The intensity of the emission has
a “steplike” dependence on pressure. The ratio
of the intensity above 60 kbar to that at low pres-
sures increases with increasing hole concentra-
tion as shown by the experimental points of Fig,
3.

The pressure dependence of the emission can be
described with the expression

-1
I~ zo{ [1 +A exp<(ar ~ )P _P"))] ¢ Irox },
rRT Trad

(1

where [, is a constant, P, the pressure at which

I'{ and X§ are degenerate, &, and ay the linear
pressure coefficients for the £ and X {-I'; energy
gaps, Tr.x represents an average intervalley scat-
tering time of the electrons from the conduction
band at I' to the conduction-band minima at or
near X; 7,4 is the radiative recombination time
for optical transitions across the direct gap. The
parameter A is given by

2 \1/2
A— 6(mux’:’hx) :_I‘ , @)
mr X

where m,x, m,x are the longitudinal and transverse

T T T
100pe—e—o-oete
LY

10;_ \ — theoretical fits -
[ . %
.o

L —o0g——o—e- |
! ?"'—v*v"“v\ p=9x10®cri® 3

\_ E

V- v ]
1

Ga As (Zn-doped)
T=120K ]

4x108cni3 o

16x10%cm3 ]

Intensity (Arb.Units)

3x10%cmi®]

16x10%8cni®

1 s 1

0 20 40 60 80 100
Pressure (kbar)

FIG. 2. Pressure dependence of the emission across
the E gap for a series of hole concentrations. For each
hole concentration the vertical scale has been displaced.
The solid lines correspond to fits performed with Eq.
(1). The obtained parameters are listed in Table I.
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FIG. 3. Hole-concentration dependence of the inten-
sity of the E( luminescence for pressures above 60 kbar
normalized to that at very low pressures. The calcu-
lated points were obtained with Eq. (4). The solid line
has been drawn as a visual aid.

effective masses of the X { minima and m that
of I'f; 7 and 7, are the lifetimes of the minority
carriers at I'{ (mostly radiative) and X ¢ (nonradia-
tive), respectively. The factor 6 accounts for the
degeneracy of the X { minima, ®

The first term on the right-hand side (rhs) of
Eq. (1) represents the transfer of the photoexcited
electrons to the X { minima when the material be -
comes indirect, and has been used by Yu and Wel-
ber® and Miiller et al.® to describe the exponential
decrease of the luminescence in undoped GaAs and
InP, respectively. In a heavily doped p -type ma-
terial, however, an enhancement of the emission
[i.e., decrease of 7,,, (Ref. 17)] occurs because
of the large number of free holes on the top of the
valence bands. It implicitly assumes that the re-
combination times 7. and 7, are longer than the
intervalley scattering time 7.y so that thermal
equilibrium between I' and X can be reached. As
the ratio 7..y/7,, increases a small fraction of .
electrons will recombine radiatively without
reaching thermal equilibrium. This fraction is
represented by the second term in the rhs of Eq.
(1). It gives rise to the luminescence observed
above 45 kbar in heavily doped samples.

Casey and Stern'® have performed a calculation
of 7.,4 for several hole concentrations. From the
data inTable IV and Fig., 9 of Ref. 18 we infer the

expression for 7 ..
1

rad

=(26.7-0.56Inp)p x 10 gec™™  (3)

with p the hole concentration in em™, Recently
Nelson and Sobers'® have determined 7,,, from
photoluminescence decay time measurements and
found a very good agreement with Casey and
Stern’s estimates in the range of hole concentra-
tions we are dealing with,

In summary, the meaning of Eq. (1) is the fol-
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lowing: The luminescence intensity depends on
the electron population of the I'{ states. When the
material becomes indirect after the “I'¢, X$” cross-
ing, part of the electrons at I'{ relax to the lower
X { minima, while the others recombine radiative-
ly because of the presence of the free holes. We
fitted the pressure dependence of the luminescence
intensity with Eq. (1) and used for 7, the values
given by Eq. (3). The resulting fits are repre-
sented by the solid lines in Fig. 2. From the
fitting procedure the parameters A, a,, P, and
Tr.x at T=120 K are determined. They are listed
in Table I, together with those corresponding to
undoped GaAs. For comparison the values re-
ported by Yu and Welber® at 7= 380 K are also
tabulated. The results for @y at 7=120 K were
obtained using our own measurements for o at
the same temperature (see Table II and subsec-
tion IIB).

From the data in Table I we find the average
value of @, at 120 K; a,=—(1.8+0,.6)x 10°% eV/
kbar, which agrees within the experimental error
with the value of —(2.7+0.5)x 10°% eV /kbar deter-
mined by Yu and Welber at 7=380 K.*°

Our results at =120 K for P, (the pressure at
which I'§ and X { become degenerate) are higher
than those of Ref. 5. This is consistent with the
fact that we measure at low temperatures a smal-
ler a than that obtained at room temperature (see
subsection IIIB). From the data of Table I a mean
value of 3.9 X 107*? sec for 7.y is obtained. T..x
represents the time needed for the photoexcited
electrons to scatter from the conduction band near
the I point to the conduction band near the X '
points. This time can be compared with the life-
time of the carriers at the X{ minima estimated
from Eq. (2) with the value of A="7 resulting from
thefits. With m=0.067,2%m,,=0.27,"%m, ,=1.3,*
and 7. ¥ 7.4 we estimate 7, ~157_,,. Using the
expression given by Eq. (3) for 7,4, one can see

that 7.y is shorter than 7, for all the hole con-
centrations, in agreement with the assumption im-
plicit in Eq. (1).

As already mentioned, Fig. 3 displays the ratio
of the luminescence intensity for pressures above
60 kbar to that at very low pressures as a func-
tion of hole concentration. From Eq. (1) one sees
that for P <P, the intensity of the luminescence
I~] and for P>Py I~1,Tr.y/T.,.q. Hence

I(P > 60 kbar) /Iy ~ Ty /T, « 4)

The calculated points of Fig. 3 are obtained using
3.9 X107** sec for 7y, and T, from Eq. (3). The
hole -concentration dependence of the ratio of in-
tensities is well described by the hole-concentra-
tion dependence of the radiative recombination
time 7_,4. This description confirms the model
of the enhancement of the emission due to the
pressure of the free holes.

In the case of the samples with 1.6 x 10 holes
cm™® a new emission line is observed in the range
of pressures between 40 and 55 kbars as shown in
Fig. 4. This line (labeled X — I'}) shifts to lower
energies with increasing pressure. This behavior
suggests that the observed emission arises from
indirect transitions between the X { conduction-
band minima and the valence-band states I';, The
pressure dependence of this line is displayed in
Fig. 5, where the solid line represents a linear-
least-squares fit to the experimental points with
the expression

(X§-T3)p=(X:-Tpo+ayP. (5)
The parameters resulting from the fit are:

(X¢-13),=(1.946 +0,020) eV,

Qy=-(2.8+0,8)x 10" eV /kbar .

The value of (1.946 + 0.020) eV at 120 K for the en-
ergy difference X{ - I'} agrees with that of 1.961
eV proposed by Aspnes® at the same temperature

TABLE I. Parameters obtained with Eq. (1) by fitting the pressure dependence of the E,
photoemission intensity at 120 K for various hole concentrations. Also listed are our own
determinations for undoped GaAs at the same temperature and those reported by Yu and Wel-

ber at 380 K.

p (em2) A P, (kbar) @/ (1073 eV/kbar) Tr. %/ (10712 gec)
9 x10% 7 36 —2.3 3.5

4 x10¥ 7 44 -1 6
1.6x10% 7 46 2.4 3.7

3 x10! 7 37 -1.4 4
1.6x10% 7 43.5 -1.2 2.6
undoped 72 382 —2.7%

(n=101%) 7P 33° -2.7°

20ur results for undoped GaAs at 120 K.
PReference 5, 380 K.
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FIG. 4. Typical luminescence spectra at 120 K from
the samples with 1.6 x10'8 holescm™ for pressures be-
tween 40 and 55 kbar. They show two lines. One cor-
responds to emission from the direct gap Ey (I'§-T'});
it shifts to higher energies with pressure. The other
line shifts to lower energies with increasing pressure
and is related to indirect transitions across the X§{-T'}
indirect gap. )

and the value (1.935+0,010) eV reported at 100
K.*® The coefficient o, = —(2.83+0.8)x10°%eV/
kbar agrees within the experimental error with
the values obtained by fitting the pressure depen-
dence of the intensity of E,: =(1.8+0.6)x 1072 eV/
kbar (this work) and —(2.7+0.5) x 10" eV /kbar
(Yu and Welber, Ref. 5). Thus our interpretation
of the nature of the new line is confirmed by the fit
parameters of Eq. (5).

To our knowledge this is the first direct mea-
surement of the pressure coefficient of the indirect
gap X{-I' in GaAs and also the first observation
of indirect-gap luminescence when the material
becomes indirect. Noack and Holzapfel® have
reported luminescence in GaSb associated with the
L$ conduction-band minima for pressures near that
at which L{ and I'f become degenerate,

Before closing this section we want to make a
remark concerning the pressure dependence of the
L conduction-band minima in GaAs. At normal
pressure it is now generally accepted that the L§

—
GaAs (Zn-doped)
p=1.6x10%cm3

3 T=120 K
— 182+ N —
> o,
‘,— .
o 1BF least sqtm 7]
>

180, o

40 45 50

Pressure ( kbar)
FIG. 5. Pressure dependence of the X{—TI'} emission
line described in Fig. 4. The solid line represents a
least squares fit with Eq. (5).

minima lie lower in energy than the X { minima.??
Aspnes has proposed a pressure coefficient of
5.5x 10°® eV /kbar for the L{-T'} gap. Assuming
this value and taking a value of 9 x 1072 eV /kbar
for the pressure coefficient @, of the direct gap
E, (see subsection Il B), we expect a “I'{, L¢”
crossing at around 90 kbar., If this crossing takes
place another decrease of the luminescence inten-
sity should occur. However, this is not observed
in our experiments. With one sample (p =1.6

x 10'° holes cm™®) we performed measurements up
to 140 kbar in order to elucidate the temperature
dependence of the pressure coefficient: no evi-
dence of the “I'¢, L’ crossing was observed. Hence
the value proposed by Aspnes® for the pressure
coefficient of the L{-I'} gap may have to be re-
vised (upwards) unless the I'— L scattering time
turns out to be very low.

B. Temperature dependence of the pressure coefficients
(p-GaAs)

Welber et al. have determined the pressure de-
pendence of the direct gap E, of undoped GaAs by
measuring the absorption edge at room tempera-
ture up to pressures near the phase transitions
(~180 kbar). They found that the energy gap E,
shows a sublinear dependence on pressure due,
in part, to nonlinearities in the bulk modulus.
Resonant Raman scattering measurements at
T ~ 380 K have confirmed the nonlinear dependence
of E,.° The same behavior was reported for Ge
(Ref. 7) and recently for InP.® If a quadratic fit of
the sublinear data is performed,. a linear coeffi-
cient is obtained which is somewhat higher than
that obtained with conventional large-volume, low-
pressure cells (typical pressures up to ~10 kbar,
see Table Iin Ref. 6).

Owing to the enhancement of the luminescence
in the p -type samples, the pressure dependence of
E, can be studied with the luminescence techniques
up to the phase transition. These measurements
can be performed at room and at low tempera-
tures. Transmission measurements at low tem-
peratures are difficult to perform with the diamond
cell because of focusing difficulties inside of a
Dewar. We actually have performed most of our
luminescence work at low temperatures (7 = 120
K) because the emission lines are narrower and
easier to observe, especially after the “I'¢, X¢”
crossing.

We found at 7 ~ 120 K a linear dependence of
the £, gap on pressure in all the samples mea-
sured. No evidence of a sublinear pressure de-
pendence was present. In Table II we summarize
the linear pressure coefficients a. we obtained at
T ~120 K from least squares fits of the observed
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TABLE II. Linear pressure coefficients ar of the
direct-energy gap E, observed for heavily doped and
pure GaAs at T=120 K.

p (em™d) ar/ (1078 eV/kbar)
9 x10'® 10.1
4 x10% 8.2
1.6 x101? 8.5
3 x10!f 9.1
1.6 x1018 9.0
pure 9.5

linear pressure dependences of E,. These coef-
ficients are also systematically lower than those
found from transmission measurements at room
temperature.® In order to confirm these dif-
ferences on one and the same sample we performed
measurements as a function of pressure at room
and low temperatures with samples which had 1.6
% 10 holes cm™3., We chose these samples as

they represent a compromise between the intensity
of the luminescence after the “I'¢, X$” crossing and
the width of the line.

In Fig. 6 we display the pressure dependence at
room temperature and at 120 K of the luminescence
across the direct gap E, for one of these samples.
We have plotted the energy position of E,, (see
Paper I): its pressure dependence is the same,
within our experimental error, as that of £,, In
this figure one can clearly observe the linear be-
havior at low temperature and the sublinear de-
pendence at room temperature. The experimental
data have been fitted with

E,(P)=E,+ a.P+p_P?, (6)

where o and B are the linear and quadratic pres-

T T T | L T

26 GaAs (Zn-doped)

L p=16x10"cm

24 o7 300K 9 1
[ oT 120K e

16"“,
| 70 quadratic fits _ %
q L ,&),Dé

181 ﬂﬁ ]

16 —Q?"Rf

1.1~/.4L,|.|.1.4.L,|=
0 20 40 60 80 100 120 140
Pressure (kbar)

FIG. 6. Pressure dependence of the emission-peak
maximum Ej at low and room temperature for p-GaAs
with 1.6x10!% holesem™. At 120 K the direct gap de-
pends linearly on pressure, while at 300 K a sublinear
behavior is observed. The quadratic fits were per-
formed with Eq. (6) and the obtained pressure coeffi-
cients are summarized in Table III.

EM (eV)

5 3 estimated errors |

HEAVILY DOPED GaAs. II. ... 899

sure coefficients of the direct gap, respectively,
and P the pressure in kbar. The resulting coef-
ficients are tabulated in Table III and compared
with those reported by Welber ef al.® The agree-
ment at room temperature is good and confirms

a temperature effect in the pressure coefficients
of GaAs. Work performed with uniaxial stress?*
also suggests that the iydrostatic coefficient of the
E, gap indeed increases with increasing tempera-
ture.

The difference of the luminescence peaks E,, at
T=120 K and 300 K as a function of pressure is
shown in Fig. 7. A parabolic dependence on pres-
sure is obtained for this difference. It is tempting
to attribute the anomalously and unexpectedly large
temperature dependence of the variation of E, with
pressure just reported to a dependence on pres-
sure of the effect of temperature on the band struc-
ture. This effect is known to consist of two terms:
a Debye-Waller effect and a self-energy of the
electrons due to emission and reabsorption of
phonons.?® The latter contribution contains can-
cellations of terms due to energy denominators of
opposite sign. These energy denominators can be
changed drastically by the application of pressure
and thus the cancellation mentioned can be offset.
Therefore changes in the temperature coefficients
of gaps are possible, in principle, as pressure is
applied. It would be of interest to test this con-
jecture by means of a calculation of the tempera-
ture dependence of the band structure of GaAs
under several applied pressures. It should also
be mentioned that theoretical calculations (per-
formed for T=0) (Ref. 6) do not easily reproduce
the sublinearity of the gap on the lattice constant
obtained at room temperature. They agree better
with the supralinearity which follows from our
low-temperature measurements.

C. Pressure dependence of the intensity (n-GaAs)

Figure 8 shows typical emission lines at 7=120
K in n-GaAs with 7 x 10*® electrons em™? for var-
ious pressures. With increasing pressure not only
the intensity but also the width of the luminescence

TABLE Ill. Pressure coefficients at room and low
temperatures of the direct-energy gap of GaAs obtained
by fitting the data of Fig. 6 with Eq. (6). Also, values
reported by Welber et al.

Temperature (K) ap/@107% eV/kbar) Br/(107° eV/kbar?)

120 8.5+ 0.032 02
300 12.3+£0.022 -3.1 %0.1%
12.6 £ 0.1” —3.77+0.1°
2This work.

‘ YWelber et al., Ref. 6.
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FIG. 7. Energy difference at T7=120 and 300 K of the
emission lines across the direct gap as a function of
pressure.

lines decreases. The pressure dependence of the
intensity for this sample is plotted in Fig. 9. As
in the case of pure GaAs, the emission at the F,
gap disappears for pressures above the critical
one, P,.

The free electrons occupy the conduction-band
states I'{ up to the Fermi level in heavily doped
n-type GaAs. At very low pressures for samples
with 7 x 10*® electrons cm™ the Fermi level lies at
around 200 meV above the bottom of the conduction
band at the I" point.?® With increasing pressure the
free-electron concentration at the I" point de-
creases due to the carrier transfer to the X §
minima. Neglecting lifetime effects one can as-
sume that the intensity of the emission across the
E, gap is proportionl to the concentration of the
free carriers (n;) present at I':

I=I,ng, (M

where I, is a constant. We do not include in 7z
the photoexcited elecivons. Their concentration,
at the laser powers used, is two or three orders
of magnitude smaller than the free-electron con-
centration present from the donors.

The solid line of Fig. 9 is a theoretical fit to
the pressure dependence of the intensity with Eq.
(7). The free-electron concentration at the I'

3x10% cts/sec GaAs(Te-doped)
1x10%cte/sec n=7x10%cm3
P= . T=120K

e 104 209 ™
kbar  kbar 343
kbar| 40.7 kbar

WO

150 160 170 180 790 20
Photon Energy (eV)

3x10% cts/sec

Emission Intensity

FIG. 8. Typical emission lines at T=120 K across
the direct gap E,in n-type GaAs for various pressures.
With increasing pressure the intensity of the lines de-
creases and they become narrower. Both effects can be
related to the transfer of the free electrons from the
I'{ states to the X §{ minima.

T
Ga As (Te-doped)

¢ T e, n=7x10'® cm3 |
N\, , T=120K
N\
L <, 4

e
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FIG. 9. Pressure dependence of the emission inten-
sity across the direct gap E; in n-type GaAs. The
emission cannot be observed after the gap becomes in-
direct. The solid line is a theoretical fit with Eq. (7).

conduction-band states as a function of pressure
has been calculated taking into account the pres-
sure and carrier-concentration dependence of the
effective conduction mass m .. The pressure de-
pendence of the longitudinal and transversal effec-
tive masses of the X §{ minima has been neglected.
The details of the calculation are given in the Ap-
pendix, where the parameters used are also given.

The best fit to the experimental data of Fig. 9
was obtained with a pressure coefficient for the
X ¢-I's energy gap of ¢, =—(1.920.2)x 103 eV/
kbar. It agrees with the values reported in sub-
section III A for the p-type samples.

When pressure is applied, the position of the
Fermi level with respect to the bottom of the con-
duction band at the I' point decreases due to car-
rier transfer to the X{ minima. The change of
the emission line shape with pressure can be ex-
plained by this decrease of the Fermi level. In
the case of degenerate n-type semiconductors the
luminescence is shifted to higher energies in
comparison with a pure material due to the Bur-
stein-Moss effect.'* The photon energy of the
emission is determined by the optical gap:

E,,=E,+Eg, _ (8)

where E is the actual band gap of the material
and E represents the Fermi level degenerate with
the I'f conduction-band states. Recently Vilkostkii
et al.* while analyzing the emission in heavily
doped n-InAs have realized that E,, corresponds
to the point on the high-energy side of the emis-
sion line where the intensity is 0.8 times the in-
tensity of the maximum.

Using this procedure we have determined E,
and E, in the way described in Paper I. Their dif-
ference represents E,. Figure 10 displays the so
obtained E, as a function of pressure and the re-
sults of theoretical calculation performed as dis-
cussed in the Appendix. Theory and experiment
are in close agreement thus confirming the assign-
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FIG. 10. Pressure dependence of the Fermi level
(Ep) measured from the bottom of the conduction band
T'{ in n-GaAs with 7x10!® electroncm™. Ep was deter-
mined from the difference between the optical gap and
the direct gap with Eq. (8). The theoretical fit was per-
formed in a way described in the Appendix.

ment made for E; and E,. For pressures above
40 kbar the experimental points are to be inter-
preted as the natural line width of the emission
in nondegenerate n-type GaAs.?”

D. Pressure coefficients (n-GaAs)

Figure 11 displays the pressure dependence of
the E, luminescence at 7=120 K in n-GaAs with
7 x 10" electronscm™. The emission lines shift
to higher energies with a pressure coefficient
(7.2 x 10°% eV/kbar) much smaller than that for
the p samples at the same temperature (see Table
II). For pressures above 30 kbar the shift occurs
at even a lower rate.

We can explain the observed behavior by con-
sidering that in heavily doped n-GaAs

dEy d
‘(ﬁgﬁ(EﬁEF)’ 9)
: . .
13- Ga As (Te-doped) ;
n=7x108cm3 o e
ol TT120K el |
T expevimentul y 0’ @- 3 eV
< | Ferror o ap 2910 e
2 ot
174 .
=
w / ]
162 0 __‘ 3. eV 7
7.2x10° kbar
l.C 1 1 1 ' 1
10 20 30 40 50

Pressure (kbar)

FIG. 11. Pressure dependence of the emission at T
=120 K around the direct gap E; in heavily doped n-
GaAs. With increasing pressure the emission shifts to
higher energies with a smaller pressure coefficient than
that of the p samples at the same temperature. This
behavior is explained considering the pressure depen-~
dence of the Fermi level.

where E , represents the maximum of the lumines-
cence line (plotted in Fig. 11) and E, corresponds

to the Fermi energy measured from the bottom of

the conduction band I'f. Taking for E,

2
Ep=g (10)

with m and #;. the conduction effective mass and
the free-electron concentration at the I' point,
respectively, it is easy to see that for pressures
below 25 kbar

_____ (11)

because dn./dP ~0, We have used the approxima-

tlo 28, 29
dmr _dE,
mr E, *

With dE,/dP=9 x10"% eV /kbar, E./E,~0.2/1.5,
we get with Eq. (9) for P <25 kbar: dE, /dP ~1.8"
x 1072 eV /kbar, close to the observed value.

For pressures higher than 25 kbar the derivative
of the Fermi energy with respect to pressure is
dominated by the term dn../dP due to the relaxa-
tion of the free electrons to the X { conduction
minima where the density of states is very high.
From our calculations (Appendix) we estimate for
Pz 25 kbar that dE/dP ~ =T x 10" eV /kbar;
hence dE,/dP ~ 2 x 10" eV /kbar, which is again
close to the experiment.
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APPENDIX: CALCULATION OF n;. AND Ej. AS A
~ FUNCTION OF PRESSURE IN n-GaAs

The conduction band in GaAs near the I' point
can be described by3°

Er(kR)=3E,+3E,(1+4k%y? /EY*?
> Bo+Ky?/Eo—K'y*/EG, (A1)

where % is the magnitude of the wave vector, y
represents the matrix element of the linear mo-
mentum operator, and E, is the direct-energy gap.
The origin of energies has been taken at the top of
the valence band (I'}). We use the parabolic ap-
proximation for the conduction band near the X
points:

2 kz k2
Eel—x,+ I (P 1Y (a2)
2\ my my,
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where we have written for simplicity X, for the in-
direct-energy gap X {-I'y. The other symbols have
their usual meaning., The parabolic approximation
for Ey is justified because of the large gaps at X,

The free-electron concentration obeys the charge
balance equation

Tx 10" em ™ =n, +ny, (A3)

where n;. and ny are the electron concentrations
at the I'{ and X { conduction-band states. With the
origin of energies we have chosen, we can ex-
press®®

) 0 kT
ne=—z W;ZFO (RT) 3/2( 1/2(“)+ T5, 3/2(u)>
V2Zm¥? e
L2 D, ) (a4)
and
6 I
= SR I o pyorag ), (@)

where my , is the mass of the bottom of the band
and F,,, and F,,, are Fermi integrals.* The ap-
proximation on the rhs of Eq. (A4), while not
necessary, simplifies the calculations. It can be
shown to be satisfactory in our case. The argu-
ments of the Fermi integrals are:

y—Ep-Ey _Er=[E0+orP] (86)
kT =T
u,:EF—Xo*EF—[XO(O)+aXP] ) A7)

kT kT
The meaning of the different terms are discussed
in the previous sections.
Replacing Eqs. (A4) and (A5) in Eq. (A3) and

using the tabulated values for F,,, (Ref, 31), for
each p there exists only one '’ that allows Eq.
(A3) to be satisfied. With each pair (u, u’) so ob-
tained, the pressure can be determined from Eqs.
(A6) and (A7):

[X(0) - E,(0)] = T (p ~ ') )

Qp — Gy

P=

(A8)

With the relationship between P and u the pressure
dependence of both #, and the position of E rela-
tive to the I'{ conduction-band minimum is easily
estimated from Eqs. (A4) and (A6), respectively.
The calculation should be performed iteratively
because of the pressure dependence of w .. The
effective conduction mass at the I'" point depends
on pressure, through its dependence on E, and
nr.”® This dependence can be represented by

1 2Er-Ey _1<2y2_2k%y4
my R nE\ E, E3 )’

(A9)

where Eq. (A1) was used to relate E, with k.
This expression for m is a good approximation
provided E, > kT. Equation (A9) must also be
calculated iteratively.

We neglected the pressure dependence of m, or
m, since the density of states at the X { minima is
two orders of magnitude larger than at the I'{
minimum and thus the corresponding Fermi ener-
gy is very small. Also, because of the large gaps
at X, the pressure dependence of m, and m, should
be negligible.

The following parameters were used: m, =1.37,%
m, = 0,27, m.=0.075 (Ref., 32) (at P=0), T
=120 K, -a.=9x 10" eV /kbar (Table II), y
=0.6188 (Ref. 29) (in atomic units), E,(0)=1.46
eV (taking into account the gap shrinkage, Paper
I), X,(0)=1.961 eV.22
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