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The absorption of CO, laser radiation alters the distribution of free holes in p-Ge due to optical transitions between
the heavy- and light-hole bands. The modification of the hole distribution function leads to a change in the
conductivity. We present a calculation of the linear photoconductive response at 10.6 zm as a function of hole
density at room temperature and as a function of temperature for fixed hole density. We also describe the
photoconductivity -for high light intensities for which the effects of saturation of the intervalence-band transitions

are important.

I. INTRODUCTION

The absorption of light in the 10- pm region by
p-type germanium is determined by direct inter-
valence-band transitions in which a free hole in
the heavy-hole band absorbs a photon and is ex-
cited to the light-hole band.! Since the absorption
of light modifies the distribution of free holes,
one expects a change in the sample conductivity
upon illumination. Because the density of states
in the heavy-hole band is much greater than that
in the light-hole band, the photoexcited holes
primarily scatter into high-energy states in the
heavy-hole band. Thus the dominant change in the
distribution function is an increase in the average
energy of occupied states in this band. For tem-
peratures and doping levels for which phonon
scattering dominates the momentum relaxation,
the conductivity decreases upon illumination be-
cause the rate of phonon scattering increases with
increasing hole energy. For lower temperatures
or higher doping levels where ionized-impurity
scattering dominates the momentum relaxation,
the conductivity increases with illumination be-
cause ionized-impurity scattering decreases with
increasing hole energy. These photoconductive
effects have been observed experimentally?~ and
have been shown to influence the performance of
p-Ge photon drag detectors.®° In this paper we
present a calculation of the photoconductive re-
sponse of p-Ge upon illumination by 10.6- pm light
as a function of doping level, temperature, and
intensity.

Previous calculations of this photoconductive
response have been based on idealized models in
which the Ge valence bands have been replaced
by a set of discrete energy levels, each charac-
terized by an effective mobility.%*” In addition,
the effects of saturation of the intervalence-band
transitions were not included, so that the results
could only be applied for low intensities. Here
we describe the Ge valence band using degenerate
K- p perturbation theory. We calculate the hole

distribution as a function of the laser intensity

in both the linear and nonlinear regimes. Using
the calculated hole distribution, we determine the
photoconductive response. We find reasonable
agreement with experimental results. There are
no adjustable parameters in the theory.

The paper is organized in the following way: In
Sec. II we present our theoretical approach, in
Sec. III we give our results for the change in the
conductivity, and in Sec. IV we summarize our
conclusions.

II. THEORETICAL APPROACH

The valence bands of Ge consist of three twofold
degenerate bands: the heavy-hole, the light-hole,
and the split-off hole bands. In thermal equili-
brium the occupied hole states are in the heavy-
and light-hole bands only. We consider the inter-
valence-band photoconductivity of p-Ge when the
sample is pumped by a CO, laser. Since the laser
does not couple free holes to states in the split-
off hole band, only the heavy- and light-hole bands
need to be considered. The dc current density
owing to free holes is given by

3=(§117)3Nhe Zb: [ 7@ e, §)

where N, is the density of holes, b labels the band
index, K is the wave vector, fb('ﬁ) is the one-hole
distribution function, and ng is the group velocity
of the carrier with wave vector k in band b.

In order to calculate the current density and thus
determine the conductivity, it is necessary to find
the distribution function in the presence of the ex-
citing laser and a small applied dc electric field.
The distribution functions in the heavy- and light-
hole bands are determined by solving the following
equations!!2;
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and
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where B(E) is given by
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Here, I is the light intensity, 7w is the photon
energy, |P,,(K)|? is the squared momentum ma-
trix element between the Bloch states in the heavy-
and light-hole bands (summed over the two de-
generate states in each band), R, is the rate
in which a hole in band ¢ with wave vector Kk is
scattered into band b with wave vector k’, and
(k) is the angular frequency associated with the
energy difference [¢,(K) - €,(k)], where ¢,(k) is
the energy of the hole in band 7 with wave vector
K. The proportional to 8 in Egs. (2a) and (2b) de-
scribes the change in the distribution due to opti-
cal excitation, the term proportional to E de-
scribes the acceleration of the holes by the elec-
tric field, and the terms proportional to R de-
scribe the scattering of the holes. The one-hole
energies and momentum matrix elements in Eq.
(3) are determined by degenerate K- p perturba-
tion theory.!®* The cyclotron resonance parame-
ters of Ref. 14 are used in the calculation. The
hole-phonon contribution to the scattering rates
appearing in Egs. (2a) and (2b) are treated in the
manner of Ref. 11. The hole-hole and hole-
ionized-impurity scattering rates are included
following Ref. 15.

In small dc electric fields, the distribution of
carriers can be described by the sum of a small
drift term and the distribution function without an
electric field. Thus in small electric fields, we
write

fb(E) =f°b(E) +g,,(E) ’ (5)

where f ‘;(E) is the distribution function subject to

the high-intensity laser but with no external elec-
tric field, and g,(k) is the modification of f,(K) due
to the presence of the electric field. Here, it is
assumed that g,(K) < f9(k). The function fI(K) is
computed as in Ref. 11. Using Eq. (5), we write
Eqgs. (2) to first order in the electric field
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We assume that a relaxation time approximation
can be made for the low dc field; that is, the rate
of change of g,‘(ﬁ) due to collisions can be approxi-
mated by

Z [Rnk—»ck gn(ﬁ) -Rg —*hkgc(. )= T gg ’ (M

and a similar expression for the effect of colli-
sions on g,(k). Here, 7,(K) [7,(K)] is the momentum
relaxation time due to scattering of holes with
wave vector K in the heavy- (light-) hole band by
phonons and ionized impurities.®

Using Egs. (6) and the relaxation time approxi-
mation, we write expressions for gb(E) in terms
of the functions f ‘,’,(E). Taking the dc electric field
to be in the z direction, we have

EL(“BT;[(Bf"/ak )/ (8 5/ 8k )+1])

&)= —T"IE, 1+8(1,+ 7))
(8a)
PRGE= ,E!%(1+Bia{+/;g:i(ff)°/ak +1])
(8b)

Since V,(K) =—V,(~K) and f9(k) =f%(-K), we can write

1
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Integrating Eq. (9) by parts the conductivity is
given by
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The factor
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z, (11)
appearing in the heavy-hole band contributionto the
conductivity, and the analogous factor Z, present
some numerical difficulties owing to the peaked
nature of the terms involved. This factor differs
significantly from unity only if 87,2 1.}7 We note
that B8 is sharply peaked in the resonant region
of the optical transition and negligibly small out-
side of this region. Thus we need only evaluate
8f°/dk, in the vicinity of the resonant region. At
low light intensities where saturation of the optical
transitions does not occur (I <1 MW/cm?), 87,
is small compared to unity even in the resonant
region, and Z, is essentially one. At high inten-
sities where saturation does occur, Z, differs
from unity in the resonant region. However, for
the range of intensities considered in this paper
(I<10 MW/cm?), this difference still does not
make a large contribution to the integral in Eq.
(10) because of limited range over which it occurs.
To estimate the value of Z,, we only need to know
the distribution function in the resonant region. We
have previously found that these functions can be
reasonably approximated by a simple analytical
form for states in the resonant region'!
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where 7¢(K) is the equilibrium distribution,
: =2R;Hz:, (13)
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and T9° is defined for the heavy-hole band analo-
gous to Eq. (13) except that only optical-phonon
scattering is included.

In the resonant region, the distribution functions
in Egs. (12a) and (12b) have a peaked structure
owing to the Lorentzian factor contained in 8.
Taking the other factors in Egs. (12) to be slowly
varying in the resonant region, we approximate

LA )2

. (14)
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With this approximation we have
0 -
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and thus a simple analytical expression for Z,. To
calculate the conductivity we must also evaluate
the derivative of Z, with respect to 2,. In evaluat-

ing this derivative, we take the factors other than
B to be slowly varying in the resonant region and
take the change in 8 to occur primarily through the
Lorentzian factor which depends on Q(K); that is,
we approximate

oz, 02,06 d2

ok, 0B oQ dk,’ (16)
With this approximation, we have
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We treat the factor Z,, which appears in the light-
hole contribution to the conductivity in a similar
way. We note that the expression in Eq. (17) is
vanishingly small outside of the resonant region
and changes sign as Q (k) crosses w. As a result
this term tends to cancel in the k-space integra-
tion. The inclusion of the terms containing
8Z,/9k, and 8Z,/ ok, makes a contribution of less
than 20% to the calculation of the photoinduced
change in the conductivity at the highest intensi-
ties we consider.

III. RESULTS OF Ao(1)

We compute the conductivity due to free holes by
numerically integrating Eq. (10). For very lightly
doped (near intrinsic) samples, we also include a
term due to free electrons. We assume that the
electron contribution is not much modified by
illumination because the absorption cross section
for electrons is nearly 2 orders of magnitude
smaller than that for holes.!®

In Fig. 1 we show the calculated results for
(-~ Ao/ dl) vs N, in the low-intensity regime where
Ao is proportional to I. The calculation was done
for room-temperature Ge illuminated by A=10.6
pm light. The conductivity has decreased upon
illumination. The primary effect of illumination
on the hole distribution is to increase the popula-
tion of high-energy holes in the heavy-hole band.
At room temperature and for the doping levels
considered here, hole-phonon scattering limits
the conductivity. Since hole-phonon scattering
rates increase with increasing hole energy, the
conductivity decreases with illumination. For
hole densities between about 10'* and 4 x 10'S em™,
(-Ao/al) is essentially independent of N,. In this
region hole-impurity scattering makes a negli-
gible contribution to the scattering rates. For hole
densities greater than about 4 x 10*° cm™, (- Ao/
ol) decreases with increasing N,. In this regime,
hole-impurity scattering begins to play a role in
limiting the mobility. Hole-impurity scattering
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CHANGE IN CONDUCTIVITY vs Ny
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FIG. 1. Values of (—Acg /o) versus the hole concen-
tration in p-Ge for CO, laser excitation at 10.6 pm,
room temperature, and low light intensities. The cal-
culated values of (— Ao /oI) are shown by the solid
curve. The experimental data are taken from X, Ref.
4; A, Ref. 5; m, Ref. 6; ®, Ref. 7; and o, Ref. 9.
Error bars are reported only in Refs. 5 and 7.

rates decrease with increasing hole energy. As a
result the fractional increase in the total scatter-
ing rate (hole-phonon plus hole-impurity) does not
increase as much with increasing hole energy in
the more heavily doped samples. In addition, the
hole distribution is not as strongly modified by
illumination of a given intensity in the more heavily
doped samples due to the increase in hole-ionized-
impurity and hole-hole scattering which tends to
maintain the equilibrium distribution. For hole
densities less than about 10 cm™, (- Ao/¢l) de-
creases with decreasing hole density. This de-
crease is due to the increased contribution to the
conductivity of free electrons whose distribution
is not strongly modified by illumination. (In Ge

at 300 K, the intrinsic density is about 2 x 103
cm3,)

Also shown in Fig. 1 are the available experi-
mental results. There is considerable variation
in the results reported by the various authors.

Our calculated values are in fairly good agree-
ment with the data of Gibson ef al.* and those of
Maggs.®

In Fig. 2 we present our results for the tempera-
ture dependence of (Ag/cl) for a hole concentra-
tion of 2x 10 cm™=. We choose this value for the
hole density since experimental measurements ex-
ist and the change in the conductivity was observed
to change sign over the temperature range that
was reported.® We note that the change in the con-
ducitivity is negative for temperatures greater
than about 100 K and becomes positive for lower
temperatures. In the higher-temperature regime,
hole-phonon scattering plays a greater role in de-

R. B. JAMES AND D. L. SMITH 23
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FIG. 2. Calculated values of the normalized change
in the conductivity of p -Ge versus temperature for light
at 10.6 um, a hole concentration of 2.0 x 1016 ¢m -3, and
low-intensity excitation. The experimental data are
taken from: a4, Ref. 5 and e, Ref. 3. Error bars are
only reported in Ref. 5.

termining the momentum relaxation than hole-im-
purity scattering, and thus the conductivity de-
creases upon illumination. In the lower-tempera-
ture regime hole-ionized-impurity scattering
dominates the momentum relaxation and the con-
ducitivity increases upon illumination. The tem-
perature at which Ao changes sign depends on

the doping level. At lower doping levels, the sign
change in Ao occurs at lower temperatures. This
effect has been observed experimentally.® In addi-
tion, we note that the magnitude of IAO‘/ ol | de-
creases as the temperature increases from about
150K. This decrease is due to an increase in the
rate of phonon scattering at the higher tempera-
tures. As a result of the increased scattering
rate, the hole distribution is less strongly modi-
fied by a given light intensity at the higher tempera-
tures. The experimental results of Refs. 3 and 5
are included in Fig. 2. The data show the same
qualitative features as the calculated results.

The calculation gives somewhat larger values for
| Ao/oI| than were observed in Ref. 5. From Fig.
1 we note that the room-temperature results re-
ported in Ref. 5 are systematicalily smaller than
those of Refs. 4 and 9.

Because of interest in the performance of pho-
ton-drag detectors at high laser intensities,®?
we also examine the photoconductive response
of p-Ge at intensities for which saturation effects
are important. In Fig. 3 we present the results
of our calculation of (-~Ao¢/0l) as a function of N »
for different light intensities. The curve for
0.05 MW/cm? is in the linear regime. At the
higher intensities, (- Ao/0) increases with in-
creasing intensity at a rate which is slower than
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CHANGE IN CONDUCTIVITY vs Np
-4l p-Ge A=10.6 um T=300K _
o 0.05 MW/cm?
.
z | MW/em?
= s
>
€
2
bl 2
5MW/cm
o e
10MW/cm?
-5 | | L 1 1
10 10'4 2 5 0% 2 5 10'6

HOLE CONCENTRATION (cm™3)

FIG. 3. Values of (— Ao/cl) versus the hole concen-
tration in p -Ge for A =10.6 pm and T =300K. The solid
curves are our calculated values for intensities of 0.05
(linear regime), 1, 5, and 10 MW/cm?.

linear. The nonlinear behavior is due to satura-
tion of the intervalence-band transitions. The
shapes of the curves at any given intensity are
similar. We are not aware of any direct mea-
surements of (Ag/ol) at these high intensities;
however, both saturable absorption!®?° and non-
linear photon-drag voltages®!® have been seen ex-

perimentally. It is possible that this saturation
effect could account for some of the variation in
the experimental results shown in Fig. 1.

IV. SUMMARY AND CONCLUSIONS

We have presented a theory of the photoconduc-
tive response of p-Ge for light with a wavelength
of 10.6 um. Values of (Ac/0ol) are calculated as a
function of doping level in the low-intensity re-
gime at room temperature. We have also re-
ported the temperature dependence of (Ag/ol) at
a fixed hole concentration in the low-intensity
regime. The effect of saturation at high light in-
tensities was investigated. The theory presented
can be applied to other p-type semiconductors with
a valence-band structure similar to that of Ge.
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