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A theory of the intraband linear photovoltaic effect (PVE) is developed for semiconductors with degenerate
bands. It is found experimentally that a PVE due to free carriers arises in p-GaAs at T >250 K as the result
of optical transitions between the sublevels of heavy and light holes, accompanied by scattering by phonons.
The temperature dependences of the photovoltaic current can be satisfactorily described by a PVE theory in

which scattering by optical phonons is taken into account.

PACS numbers: 72.40. + w, 72.80.Cw

1. INTRODUCTION

A number of recently discovered new photovoltaic
effects (PVE) are, unlike the Dember effect, not con-
nected with the separation of a carrier pair as a re-
sult of inhomogeneity of the sample or inhomogeneity
of its illumination. The first of these effects was
dragging due to momentum transfer from the photon
to the electron (see the reviews':2). In crystals with-
out inversion center, two the other observed new ef-
fects were named the linear and circular PVE (see the
reviews®®). As is now clear, these effects are due to
asymmetry of the elementary interactions between the
electrons and photons, phonons, or impurities in
crystals without inversion center. The linear PVE is
produced in piezoelectrics illuminated by linearly po-
larized light, and under certain conditions also by un-
polarized light. The circular photocurrent is produced
in gyrotropic crystals illuminated by circularly polar-
ized light and changes direction when the sign of the
circular polarization is reversed.

In semiconductors, the linear PVE was first observed
in Te (Refs. 6, 7) and next in GaAs (Ref. 8) and GaP
(Ref. 9). It is possible that this effect was already ob-
served in dielectrics in the past century (see Ref. 10).
As a new effect, however, it was identified only in
1974 in Refs. 11 and 12. It was in these references
that one of the possible mechanisms of the linear
photogalvanic effect was first proposed, namely the
asymmetry of the distribution of the carriers excited
by light from impurities havingan oriented dipole mo-
ment. [The mechanisms proposed earlier in Refs. 6,
7, and 9 turned out to be wrong (see Refs. 3-5).] A
detailed theory of this and other possible mechanisms
of the linear PVE was developed in Refs. 13-15 and in
other studies reported in detail in the reviews3.

Thus, it was shown in Ref. 15 that when light is ab-
sorbed by free carriers the appearance of the linear
PVE is accounted for by two-photon processes or
multiple scattering from impurities. It was established
in Ref. 16 that in a semiconductor with a complex band
consisting of several branches the linear PVE is pro-
duced in transitions between branches also in the case
of one-phonon processes or in the case of single scat-
tering by impurities, in analogy with the situation in
interband transitions.!® It was also suggested in Ref.
16 that it is precisely this mechanism which is respon-
sible for the PVE observed in GaP, GaAs, and pos-
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sibly also in Te.

Depending on the experimental conditions (tempera-
ture, frequency of exciting light, doping level), dif-
ferent mechanism can predominate in one and the same
crystal. An experimental investigation of the density
and temperature dependence of the PVE!” has shown
that a PVE in p-GaAs illuminated by a CO, laser at
low temperatures is due to photoexcitation of carriers
from impurity levels. At room and higher tempera-
tures, phonon mechanisms predominate, as is evi-
denced by the independence of the photo-emf of the
impurity density under these conditions.

The aim of the present paper is to ascertain which of
the possible phonon mechanisms predominates in p -
type III-IV compounds at high temperatures. To this
end, we examine first the photocurrent temperature
dependences that result from the one -phonon and two-
phonon mechanisms of the PVE, and analyze the asym-
metry of which of the elementary processes makes the
predominant contribution to these mechanisms and the
cause of this asymmetry. We present next results of
an experimental investigation of the temperature de -
pendence of the photocurrent in p -GaAs samples with
different hole densities and compare them with the
theoretical results.

2. TEMPERATURE DEPENDENCE OF THE
PHOTOCURRENT FOR THE ONE- AND TWO-PHONON
MECHANISMS

The photocurrent in crystals of symmetry T, is de-
scribed by the following phenomenological formula;

(1)
]'¢=I[x]5¢”|0.e7'+(T1+TzIealz) qu] ’

where I the intensity of the light; e, and g, are the
projections of the polarization vector e and of the
wave vector q of the light on the principal axes of the
crystal x, ¥, and z, and 6,4, is a unit antisymmetrical
tensor of third rank. The coefficients T, and T, de-
termine the dragging effect, and the coefficient x de-
termines the linear PVE. By orienting the crystal

in a definite manner, it is possible to measure these
effects separately. Thus, when the light propagates
along the [110] axis the photocurrent in the transverse
directions [110] and [001] is determined only by the
linear PVE:
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Frutoy=Iy sin 20,  jioos;=Iy sin? 0, (2)
where 6 is the angle between the vector e and the [001]
axis.

Excitation with unpolarized light produces no current
along [170], and j;o,; =Ix/2. Under conditions when
the frequency w of the exciting light exceeds the re-
ciprocal carrier momentum relaxation time 773, the
photocurrent is given by

jme 3 [ar (k) T o () Tk ] W 3)
nn'kk’

Here W, ,. . is the probability of an optical transition
of the carriers from the state (n,k) into (n’,k’); v,_(k)
is their group velocity; e is the elementary charge (e
<0 for an electron and e >0 for a hole). A contribu-
tion to the current is made only by the component
W,‘(.‘,,‘,)'., that is odd with respect to the replacement of
(n'k’,nk) by (n’, -k’,n,-k), where the states (1, k) and
(7, -k) are connected by the time-reversal operation.
As shown in Appendix 1, in the case of Boltzmann
statistics, when the distribution function f,, < 1, no
asymmetry of the momentum distribution arises in the
departure term, and after summation over all the final
states the second term of (3) vanishes and

j=e Evn-(k')‘r..vrg:"r, (4)

n'k’

where

as } : (as)
En'k’ = Wn’k’,nx.
nk

For holes in the I'; band of III-V crystals the indices
n or n’ in (3) and (4) number the subbands / =1 and 2
of the valence band (I =1 for heavy holes and [ =2 for
light ones) and the spin states in these subbands.

In the calculation of W,f?,’).'n, one can use the usual
perturbation-theory equations for the continuous spec-
trum. It is known that light absorption in intraband
transitions (within the limits of one branch) can occur
only if a phonon is simultaneously absorbed or emitted,
or else in the case of scattering by impurities. In
semiconductors with degenerate bands, direct transi-
tions between the branches are allowed. Neither
process contributes to W©*, Such a contribution ap-
pears in interbranch transitions accompanied by ab-
sorption or emission of a phonon. The effect is due to
interference of two second-order matrix elements
(type A transitions) or between matrix elements of
first and third order. In the latter case the final state
corresponds only either to absorption of a photon (type
B transitions) or only to absorption (or emission) of a
phonon (type C transitions).!’ According to Ref. 16,
W) £ 0 only under the additional condition that the
total energies in the initial state and in one of the inter-
mediate states are equal. As a result, the contribution
to the PVE is made by transitions of nine types, as
shown in Fig. 1. The energy and the momentum con-
servation laws and the condition that the energies be
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FIG. 1. Processes whose interference leads to a linear PVE
in semiconductors with complex bands: solid line—hole (or
electron), dashed—phonon, wavy—photon.

equal in the initial and in one of the intermediate states
for each type of transition specify uniquely the initial
(£,,) and the final (€,,,,) energies of the holes that par-
ticipate in the transition, as well as the energies of
the holes in the intermediate states (at definite 17, 1").
Therefore the only temperature -dependent quantities
in the generation rate g% are the distribution function
of the holes in the initial state

f(ew)=exp [(u—ew) /ksT]

and the phonon occupation numbers N,. Table I lists
the values of the initial and final energies of the holes
for all possible types of transitions shown in Fig. 1.
The corrugation of the valence band is neglected here,
so that

en=hk/2m,, (5)
TABLE 1.
Absorp-
Ztype tion (+) s
trans- ! v [ v ek ek’ g;:)c:)e(m)is—f g8 (T
Poey =) O
itions phonons
Ay 1 2 | 12|12 . + Nag(T)
4| 1| 21 |12 b g | Erehozo (Nt 1)g(T)
A | 2] L2} 1 2 .- " (Nat 1) @(T)
a |zl 2 | 1] 2 JE*vhQ | E*+ho = Voo
B, 1] L2 12| 2 } - Erih [A\'o(p(T)
B, 1 |12 2 © No+1)@(T)
B, " —1—2 ~5 - (Notl)o
Nag(T)
(o 1 2 | 12|12 Es E*=1Q +o a9
Cs 2 2 1.2 } - (Na+1)(T)
C, 1.2 1.2 2 1 } E*FhQ E* (f\'n‘*'i)(P(T)
C. [ t2] 2| 2 1 Nag(T)

Note. Here ¢(T) = T3/ exp(~E*/kT). The states in which
the energy coincides with the total energy of the initial and fi-
nal states are underlined. (For the B transitions this condi-
tion is satisfied either for the state I’/ or for the state I’’’).
In the last column, allowance is made for the fact that Ng exp
(A /kgT) = No+ 1.
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where m, and m, are the effective masses of the heavy
and light holes, respectively.

The last column of Table I gives the temperature
dependence of g** for each type of transition following
absorption and emission of a phonon {for the transitions
A and C). Account is taken here of the fact that exp(u/
kgT)~pT3/2 where p is the density of the free holes.
Unless otherwise stipulated, we consider hereafter
interaction of holes with LO phonons. For p-GaAs
excited by a CO, laser, the energy E*=fiwm,/(m, —m,)
is less than the energy % Q of the LO phonon, and in this
case there are no transitions into or from a state with
energy E* - Q.

It is seen from Table I that for each of the transitions
the g%(T) dependence is described by a single equation

gu®*~[aNatb (No+1)] T=*p exp (—E*/ksT). (6)

It follows from (4) and (6) that the temperature depen-
dence of x(T) is given by

x(T)= pT-" exp(—E*/k5T) Z [a"Na+b{" (No+1) 1T (e®).  (7)

Here 7,(€) is the effective momentum relaxation time
of the holes of branch / with energy €. The index ¢
numbers the different values of the energy E,“) in the
final states, as determined by Table I.

In Appendix 2 is analyzed the temperature dependence
of the time 7,(&) where carrier scattering by LO pho-
nons. Account is taken here of the fact that after the
emission or absorption of several phonons the direc-
tional momentum of the carrier is completely lost. It
follows from the foregoing estimates that the tempera-
ture dependence of the time 7,(e) practically coincides
with the temperature dependence of the time of emis-
sion or absorption of one phonon by a hole, so that

7' (e) ~ [Not+Bi(Nat+1)], (8)

where B, is a positive coefficient. For hot holes with
energy €,=Fw>kyT this coefficient is close to unity
and for their contribution to x we obtain from (7)

1(T) =p(ksT/E*) s exp (—E*/ksT) [aNo+5(Nat+1)]/ (2Na+1). (9)

For transitions into the state with energy E* <7 Q the
coefficient 3,=0. Since, however, this state can be
reached only upon emission of the phonon (see Table I),
in this case the coefficient 5’ in (6) is also equal to
zero. Therefore, x(T) for such transitions is also de-
scribed by Eq. (9), with a=b. Ate,=E*+%Q the
coefficient 8, in (8) differs noticeably from unity.
However, the contribution of such states to the current
(4) is relatively small, since the relaxation time and
the group velocity in a state with energy E* +kQ are
less than for hot holes, and this state is reached only
via processes C,. For the one-phonon mechanism of
the linear PVE the dependence of the photocurrent on
the temperature is therefore well described by the
general equation (9).
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If the predominant contributions to g and 7(¢) were
to be made by interaction with acoustic phonons, then
the x(7T') dependence would be determined also by Eq.
(9), in which one must put N, > 1, i.e., in this case

% (T)~K,(T) ~pT-"2exp (—E’[ksT), _ (10)

where K (T) is the coefficient of light absorption for
direct optical transitions between the branches.

In the two-phonon mechanism, the contribution to x
is the consequence of interference of two processes
with participation of two phonons. The transition can
take place here from a state with any initial energy,
and the main contribution to the current is made by hot
holes with energy ex%Zw>FkyT, 2. Consequently, for
this mechanism

ga.(T)~p(2Nn+1)zy (11)
X (T)~p(2Na+1) =p cth (AQ/2k,sT).

There is a qualitative difference between the tem-
perature dependences of the functions (9) and (10). The
function (9) first increases rapidly, reaches a maxi-
mum at kg T ~E* (E*/ky =300 K at the CO,-laser fre-
quency) and then decreases slowly. The function (11)
increases monotonically with increasing temperature
(almost linearly starting with =400 K). Thus, mea-
surement of the x(7T) dependence at high temperatures
makes it possible to distinguish between the one- and
two-phonon mechanisms.

3. ASYMMETRY OF ELEMENTARY PROCESSES IN
p-TYPE 111V CRYSTALS

The cause of asymmetry in the transition probabilities
W,no,ais the presence of terms of different parity in
the operators for the interaction of the holes with pho-
nons and with photons. The operator D,, which de-
scribes the interaction of the holes of I'; with optical

phonons, is given by (Ref. 18, Sec. 32)

D=ic T

2

dy
s +\/—§|6uu|[]uh]u(n (12)

where u, is the amplitude of the relative displacement
of the two sublattices in optical oscillations,

) N )

4 K 1 1 1
c-a(2)

€, and &, are the static and high-frequency dielectric
constants; p is the density and J, are the matrices of
the projection operator of the angular momentum in
the basis

Y (m==ty, £1/);  2[0uds)=ladst o
In crystals with inversion centers, one of the constants
in (12) vanishes: in a lattice of the NaCl type, d,=0,
i.e., there is no deformation interaction, while in a

diamond-type lattice there is no long-range interaction,
i.e., ¢=0.

The eigenfunctions i, of the holes are determined by
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the matrix F, & ):

PYm=e™" Z‘Fﬂ.m (k) Yo (r). (13)

The matrix F, diagonalizes the Hamiltonian #1k) of the
holes. In the spherical approximation,

% (k) =—[(4+*/.B) k*~B (Jk)?], (14)
h*/2m,=—(A—B), h*/2m,——(A+B), A<B<O.

In this basis, the matrix element 43}, ,, of a transition
with absorption of an LO phonon q is of the form

da v sane = (1/209) "(qeq/q*) Fort (kt+q) (GC+3"dol 8usil [Jads]197) Fa (K),

(15)

where el =eZ, is the LO-phonon polarization vector.
For transitions with phonon emission

(+)

FRAIREHC AN

A contribution to W®* is made also by a product of
terms of different parity in the matrix element of the
velocity operator ¥, which determines the probability
of the optical transitions:

Vara (K) =A~Fy.* (K) (V16 (K) ) Fa (K). (16)

The operator #7k) includes, besides the principal
term (14) that is quadratic in &, also a relativistic term
linear in &

4 2
%A=F3ko;ku[lc(1u+l_]u+z)] (17)

and three terms cubic in %, the largest of which is
nonrelativistic:

=D Y Juka (ki) (18)

The transition probability W®® in (3) and (4) contains
only terms that are odd in & and result from the product
of the first and second terms in (15), or else from the
product of the term linear in & and the term quadratic
in k& or independent of % in (16). Therefore a measure
of the contribution due to the asymmetry of the scat-
tering by optical phonons is the quantity

Zy=d.k/C, (19)

while the measures of the contributions connected with
the asymmetry of the optical transitions on account of
the terms (17) and (18) are respectively the quantities

Z,=k,/Bk, Z,=2DFk/B, (20)

where % ~q is the mean value of the wave vector of the
holes with energy ¢, ~#w. For GaAs at fw=0.12 eV
we have Z,=0.8-10"%(d,a,), where (d,a,) is the value of
the corresponding constant of the deformation potential
in (12) (in eV), and a, is the lattice constant.

The constant k, for different crystals lies in the range
(1-6) -10°'° eV (see Refs. 19 and 20), in agreement with
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the estimates of &, obtained for GaAs, from the values
of the hole spin-relaxation time in strongly deformed
crystals.?! Corresponding to these values of k£, are Z,
=(0.6-4)+10"3. The constant & in (18) can be esti-
mated from the splitting, cubic in 2, of the conduction
band, which is given by an equation similar to (18)

W= —;‘ o (2mEp) "R Zlﬂuku (kl:+l_k‘:+2) ’ (21 )

a

where m, is the effective mass of the electron, E, is
the width of the forbidden band, and ¢, are Pauli ma-
trices.

The main contribution to (18) and (20) is made by a
product of terms linear and quadratic in & in the inter-
band matric elements [see Ref. 18, Eq. (26.37)]

Jd,, = '—h— ﬂuku+iku+z-

Meo "
When account is taken of only this contribution

D=a.(2m> E;) ",
a. Eq4A m. ( E A )‘/'

2 A m.\3EA2A

(22)

="

Here A is the spin-orbit splitting of the valence band.

According to Ref. 22, the value of |a,| determined
from the electron spin-relaxation time in GaAs is
2.2-10%, It follows therefore that | a |=5.8+10"% and
m,,=0.8m,. At this value of o, we have Z,= 4.7
X 1072, These estimates show that the contribution
made to W by the asymmetry of the photon processes
on account of the #terms cubic in % is larger by at
least one order of magnitude than the contribution due
to the terms linear in k. The asymmetry of the phonon
processes, which is determined by the value of Z |,
prevails over the photon asymmetry at d,a,>8 eV. We
do not know the value of d, for GaAs. (We note that for
Ge the corresponding constant da, is 42 eV according
to Refs. 23 and 24.)

A linear photovoltaic effect can arise also in the
case of scattering by acoustic phonons as a result of
interference between piezoelectric and deformation
scatterings. According to estimates, at w > or kgT
> Q) the contribution of the acoustic phonons is ap-
proximately one-thirtieth of that of the optical phonons.

We now estimate the constant x. We take into account
for this purpose only transitions of type A, from the
state 1k into 2k’. In this case, according to (2), (3),
(15), and (16)

4nle® i 1 1
1 = Bl Y () T (Mot - 5
kk’
8 (eax —en—ho) (23)

X Tm [ woe (0 vt (k)1

ex—eix—hRo
I 5(621-5|I_ﬁ‘1’)

e — € — N

] 8 (en—e—hOEAQ).

The upper and lower signs in (23) correspond to phonon
emission and absorption, respectively. The 6 function
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FIG. 2. a) Dependence of the PVE constant x on the hole den-
sity. T=300 K, 2=10.6 um; b) dependence of the PVE sig-
nal in a transverse geometry on the angle 6.

in the square brackets corresponds to the condition that
the energies in the initial (final) state and in one of the
intermediate states be equal. An estimate in accor-
dance with (23) at 7,, determined from (A2.5) yields
atm, »m,, w>Q, and N, ~1

et pexp(—E’/ksT) (24)
cnw  mym," (ksT)% '

x=2Z

where Z is one of the parameters Z,_, defined by the
equations (19), (20).2°

In the considered case A,, just as in B, and C,, when
both optical transitions are interband, one of the in-
termediate states can be located in other bands, say
in the conduction band. In this case the optical-transi-
tion matrix element v_,=p,, /m,=(E,/m,)*'? is larger
than for the interband transition, but the energy de-
nominator in the composite matrix element is equal to
E, in place of 7§ in (23). Therefore the contribution
of the transitions through the conduction band is small
compared with (24) in the ratio 7Q/(FwE,)" /2.

4. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

The PVE was investigated for p-GaAs samples with
impurity (Zn) density from 5 *10'” cm™ to 4 *10'® cm™.
The radiation source was a @-switched CO, laser. The
pulse duration is 150 nsec, the pulse radiation power
was 6 kW, and the radiation wavelengths were 10. 6
and 9.6 um. The samples were of narrow plates cut
so that the radiation was incident in the [110] direction.
On the end faces of the samples, along the [110] direc-
tions, were two ohmic contacts. The contacts were
prepared by fusing-in indium containg 2.5% nickel and
1.5% zinc in a hydrogen atmosphere at a temperature
600°C.

As seen from Fig. 2, when the plane of polarization
was rotated the emf on the contacts varied in accor-
dance with (2) like

V=D%sin 20, (25)

where P,, is the radiation power incident on the sample;
h is the width of the sample. The signal picked off the
sample duplicated exactly the shape of the laser pulse
and had a linear dependence on the light intensity.
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The investigations of the PVE were carried out also
at other sample orientations, in both longitudinal and
transverse geometry. We have performed a number of
experiments that provided an approximate check on the
PVE behavior that follows from the phenomenological
expression (1). Thus, at the transverse experimental
geometry indicated above, rotation of the sample
around the [110] axis by 180° at a constant direction of
the light propagation leads to a change in the polarity of
the signal. The reason is that in such a rotation the
angle between the polarization vector e and the [001]
axis changes from 6 to 7 - 6, which causes in accor-
dance with (2) and (25) a reversal of the sign of the
PVE.

In a longitudinal geometry, when the light propagates
along [100] and the emf of the PVE is registered in the
same direction, a linear PVE and the dragging effect
are observed. According to (1), the emf of the linear
PVE varies in this case like sin26, where 6 is the
angle between the vector e and the [001] axis, while the
dragging emf does not depend on the polarization.
When the sample is rotated 180° around the [001] axis,
the sign of the dragging effect is reversed, and the
linear PVE remains unchanged, so that the angle 6 is
not changed by this rotation.

In all the experimental geometries, reflection, with
the aid of a mirror, of the radiation passing through
the sample increased the signal of the linear PVE and
decreased the dragging signal.

In transverse geometry, the quantity D in (25), which
is determined from experiment, is connected with the
constant x in (1) and (2) by the relation

Piw D 1
G o (26)

where d is the sample thickness, [ is the distance be-
tween the electrodes, R, is the sample resistance, and

P, is the average power of the radiation in the sample.

With allowance for the absorption and reflection of
the light, the ratio of P,, to the incident flux P,, is

Pin_ (1-R) (1—e"*) 27
Pin ad(1—Re-%) '’

where « is the absorption coefficient and R is the re-
flection coefficient. For the dragging effect, which
depends on the light propagation direction, the minus
sign preceding the exponential in the denominator is
replaced by a plus.

As already noted in Ref. 17, at room temperature
the constant D, with allowance for the absorption and
reflection of the radiation, is practically independent
of the degree of doping, and consequently x, as seen
from Fig. 2, increases linearly with increasing hole
density up to p =4+10'® cm™. This shows that at room
temperature the linear PVE in p-GaAs is connected
with the absorption of light by the free carriers and is
caused by the phonon mechanism. If the effect were
connected with carrier scattering by impurity centers,

then the photocurrent, meaning the constant y, would
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FIG. 3. Dependence of the constant x/p on the temperature
(A=10.6 um): A—p=7.4.10" cm=3, 0O—p=3.4-10!" em-;
@—p=2.36-10" cm=3; )—p -4 - 10! cm™3,

depend quadratically on p, inasmuch as at such densi-
ties (<10'® cm™®) and temperatures the hole mobility
depends weakly on p. The deviation of x(p) from
linearity at p >4 +10'® cm™ is apparently due to the
contribution made by the scattering of the photoexcited
carriers from the impurities.

To clarify the role of one- and two-phonon processes,
as well as the contribution of the optical and acoustic
phonons, we investigated the temperature dependence
of the PVE current in a wide range of temperatures.
Inasmuch as at low temperatures, as shown in Ref. 17,
the PVE current is due to transitions from the impuri-
ty, the investigation was carried out in the temperature
range from 100 to 600 K. In samples with different
impurity density, as seen from Fig. 3, the value of ¥
for all samples increases with increasing 7', reaching
a maximum in the region 7=400-450 K, after which
it decreases slowly. The ratio x/p in the temperature
range 300-600 K changes in this case by not more
than 1.3 times when the density changes by almost two
orders of magnitude. Then the temperature drops be -
low 300 K, x/p decreases rapidly, goes through zero,
and reverses sign. The temperature corresponding to
the reversal of the sign decreases with decreasing
hole density. In a sample with p =5.2+10'° cm™ the
phonon mechanism predominates in the temperature
range T2 250 K, where the carrier density increases
noticeably with increasing T on account of the loss of
the deep impurities. As seen from Fig. 4, in this
sample x increases with increasing 7T in the entire
investigated interval, whereas the ratio x/p, as in the
other samples, goes through a maximum at 7'=400 K.

J,rel.un. Ry, rel.un. X/p, rel.un.

10
wl \ Hw
05}

s b .y

| 1
250 350 450
- TK

2+ -7

| | 1 | 1
4 200 400 T.K
FIG. 4. a) Temperature dependence of the experimentally
measured photocurrent (®) and the value of x/p (O) for a sam-
ple with hole density p (300 K) = 5.2 +10'% cm=3; b) tempera-
ture dependence of the Hall coefficient.
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FIG. 5. Temperature dependence of the photovoltaic current:
p=17.4-10" cm—>, @ 1=10.6 pm; O) *=9.5 um.

The photocurrent changes somewhat with changing
frequency of the exciting light but, as seen from Fig.
5, the temperature dependence of x/p is the same at
A=10.6as at A=9.5 um.

The indicated temperature dependence of x(T)/p
agrees with that expected for the one-phonon mecha-
nism in accord with Eq. (9). In Fig. 6 are compared
the experimental and theoretical plots at x(T)/p(T).
The sample chosen for the comparison was the one
with p="7.4-10' cm™. The best agreement between
theory and experiment takes place at ¢ =3.4+ 107
A+*cm™/Wand b=0.

When two-phonon processes predominate, x/p
should increase monotonically with temperature in ac-
cordance with (11), but this does not agree with the
experimental relation.

We note that in n-GaAs, where there is no one-phonon
contribution from transitions between branches, a
monotonic increase of the photocurrent with increasing
T is observed at a constant electron density.

We compare now the observed value of x with the es-
timate (24). According to (24), Xier =6°10"°Z (A/W)
at p="7.4-10'® cm™. The experimental value of x at
this density is x,=5°10"7 A/W, which agrees with the
theoretical estimate at Z ~10°2. This value is close to
the estimates of Sec. 3. Since Eq. (24) is only a rough
estimate, it is impossible to conclude unequivocally
from this value of Z which of the components, Z, or
Z, predominates in (19) and (20). According to (23),

x should decrease with increasing like

( ho m, )
oexp| ————),
P ksT my—m,
(X/p)-107%A - em3w

b IS

i

/
0 1 I
200 w00 600
2k T,k
e

-5

FIG. 6. Temperature dependence of x/p for the sample with
p=17.4-10" cm=2, A=10.6 um; points—experiment, dash-dot
—theory (scattering of holes by acoustic phonons); dashed—
theory (scattering of holes by optical phonons).
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where s =1-2. Indeed, as seen from Fig. 5, the var-
iation of x with frequency agrees with this relation.

Thus, our investigations show that in p-GaAs with
impurity density 10°-10'° ¢cm™® at T > 200 K, excited
with light from a CO, laser, the predominant mecha-
nism of the linear PVE constitutes transitions between
the branches of the heavy and light holes of the valence
band, with simultaneous emission or absorption of a
longitudinal optical phonon. It appears here that the
principal role is played by the asymmetry of the in-
teraction of the electron with the optical phonon.

APPENDIX |

We shall prove that in the case of Boltzmann statis-
tics, i.e., at f,, <1, the departure of the electrons
does not produce an asymmetry in the momentum dis-
tribution. We use for this purpose the diagram tech-
nique for nonequilibrium systems.?*'26 Assume that a
plane linearly polarized light wave propagates in the
crystal. We introduce nonequilibrium time-averaged
Green’s functions'®:

G(r)=lim9—1T—J.dtG(t+r,t). (A1.1)

The Fourier components of the causal (G™") and anti-
causal (G**) Green’s functions satisfy the relation

Grio=—(Goa)". (A1.2)

At f,,<1, contributions to G;, (or Gi},) are made by
diagrams whose vertices are located on the upper (or
lower) part of the Keldysh contour. In this case, these
functions are expressed only in terms of one self-ener-
gy function (Z;°, or Z;;,, respectively):

nkw?

- U
Gre) ™t = (Gare )+,
(G . (A1.3)

(Gl = (G ™)+ Zre,

where the index 0 labels the equilibrium Green’s func-
tions. Taking (A1.2) and (Al.3) into account, we can
express the contribution of the optical transitions to
the damping of an electron whose state is (,k) in the
form

rad —_— -—
Yare =Im Zra=Im Zrre="/2 Im (Znrs+Smne).

(A1.4)

At f,, < 1 any diagram for Z;}, can be obtained from
the corresponding (mirror-symmetry) diagram for
Z7ie by simple replacement of the causal Green’s
functions by anticausal ones. Taking into account the
diagram-technique rules, according to which a vertex
on the upper or lower part of the contour is set in cor-
respondence with a matrix element and a factor ¥ih, it
is easy to show that the contribution of two mirror-
symmetrical diagrams for £];, and 23, to ¥® does
not contain the imaginary part of the product of matrix
elements corresponding to the vertices of the diagram.
We designate this product by II(nk,{k,}), where {k,} is
the aggregate of the wave vectors of the electron in the
intermediate states (the spin indices in these stages are
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left out for brevity). Owing to the symmetry of the
system to time reversal (the light is linearly polarized
and the crystal is nonmagnetic), the energy spectrum
€, and the quantities Re [1(rk, {k,}) satisfy the relations
(see, e.g., Ref. 18, Sec. 18)

Re II(nk, {k.})=ReII(7, —k, {—k.}), (A1.5)

Eak=¢87, ~ky
where the states (z,k) and (7, —k) are connected by the
time-reversal operation. Since the damping Y& is
connected precisely with these quantities, it follows
that if the filling of the electronic states is neglected

r rad Al
’Yv::d)= Z, Wn'k'.uk=77i,—: =L Wn'k',ﬁ,—k- (Al . 6)
n'k’ n'k’

At f,, comparable with unity, relation (Al.6) does not
hold. For example, in the phonon interband mecha-
nism of the PVE (Ref. 14) the contribution made to the
photocurrent by the departure of electrons from the
valence band differs from zero.

APPENDIX 2

Let us estimate the effective momentum relaxation
time for photoexcited electrons. We consider for sim-
plicity a degenerate spherical parabolic band. Assume
that at the energy level € there are generated electrons
with average velocity v, at the instant of production.
These photoelectrons interact with the LO phonons, so
that the probability of a k- k’ transition with emission
or absorption of the phonon takes in accordance with
(12) the form

w_n @ ( (A2.1)

1 1
k'k =p—Qi-lT_k—(z- Na +—~:t—)6(e.v—e.:thQ).

2 2

The ratio of the average velocity per particle for elec-
trons going over to level ¢,, =€ + #Q, and the velocity
v, is

ea\"r . . (k—k,)? ktk.
= (==L 1+ —p-t
Hato ( e ) [ okk, ® Ik—kt l]

(A2.2)

where
k=(2m.e/h*)", ki=2m.ee./h*)".

It is seen that the quantity » is not very small, and
that if scattering of carriers by LO phonons predomi-
nates it is necessary, generally speaking, to sum the
contributions made to j, from electrons on the energy
levels ¢, €+ #Q,€* 2K, etc, including also the re-
turns. At not too large values of ¢, i.e., at € on the
order of several %Z w, it suffices to take into account
only one or two steps. If the expression for j,, is
represented in the form

(A2.3)

jpv=eGoot(e),
where G, is the rate of electron generation on the level

€, then, taking two steps into account, we obtain for
the effective momentum relaxation time 7(¢)
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t(e) T T T
= 1+'K,vn —l( 1+x¢.,, — +7€z,1 —1‘)
To (3) . Ti,0 To,1 Tz /.
T~ T T
: +u-,,n—’( 1o i et Ky )
T—1,0 To,—1 T—2,-1

(A2.4)

where 7., , is the probability of the transition of an
electron with energy ¢, =€ +n#Q to the level € ,,=¢
+(ns DEQ:

1 ) 1 1\ 1 Eatkoss (A2.5)
=" +—t-— ) —n| 2= .
Tozin N2 (N° 22 )k,. lnlk,.—k,.t. ’
7, is the lifetime of the levele,:
Tn_l=Tn_-:i,n+T:—‘l,n' (A2.6)

Ate,, <0, the quantity 71, A must be set equal to zero.
Equation (A2.4) is easily generated to the case of two
branches of light and heavy holes in p-GaAs. In this
case the quantities 7, 7,, and 7,,,,, depend also on the

subband indices I =1, and 2.

Estimates show that although the ratio (1 - 7,)/7, is
comparable with unity, in the region T =(300-600) K
the temperature dependence of the ratio 7/7, is very
weak and this dependence can be neglected compared
with the temperature dependence of the time 7.

we note that the contribution of the C-type processes was not
taken into account in Ref, 16, Allowance for these processes
leads to a reversal of the sign of the product A7, in Eq. (6)
of that reference. The estimate given in Ref. 16 for the co-
efficient X, remains the same if the coefficient D is in-
creased by three times.

2)An exact calculation with allowance for all the possible transi-
tions is extremely cumbersome and is the subject of a separ-
ate study.
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