PHYSICAL REVIEW B

VOLUME 12,

NUMBER 10 15 NOVEMBER 1975

Impact ionization of excitons in Ge and SiT

D. L. Smith, D. S. Pan, and T. C. McGill*
California Institute of Technology, Pasadena, California 91125
(Received 23 June 1975)

A charged free carrier in an applied electric field may pick up enough energy from the field to allow it to
impact ionize an excition. For this to occur, the carrier must have an energy greater than the exciton binding
energy. At low temperatures (T S 10°K in Ge and T < 30°K in Si) and modest electric fields (E ~2 V/cm
in pure Ge and E ~ 20 V/cm in pure Si), the energy of a significant number of carriers exceed this threshold
energy. Once this happens, the impact-ionization process can change the relative concentration of excitons and
free carriers; the equilibrium law of mass action is no longer satisfied. Calculations of exciton concentration
(for fixed carrier concentration) as a function of temperature and applied-field strength show that a sudden
drop in exciton concentration occurs when electric fields exceed a temperature-dependent critical field.

I. INTRODUCTION

An exciton in a semiconductor can be ionized by
a number of processes: phonon absorption, colli-
sion with an impurity, collision with a free car-
rier, etc. In pure materials with relatively low
carrier concentrations in thermal equilibrium,
phonon absorption is the dominant ionization pro-
cess.! In thermal equilibrium each ionization pro-
cess is balanced by a corresponding formation
process; corresponding ionization and formation
rates are related by the principle of detailed ba-
lance. If the exciton lifetime (recombination of
electron and hole) is much longer than the total
ionization time, the law of mass action is satis-
fied.

The application of an external electric field will
change the balance between ionization and forma-
tion processes and can, therefore, modify the re-
lative concentration of excitons and free carriers.
Impact ionization by free carriers is especially
sensitive to electric fields; even quite small fields
can greatly increase the rate of this process. A
critical field is reached when the impact-ioniza-
tion process first dominates both exciton recom-
bination and ionization by phonon absorption. Ex-
citon concentration will plunge if fields larger
than the critical field are applied.

Impact ionization of excitons has been observed
in low-temperature photoconductivity experiments
in Ge.?™* Gurnee, Glicksman, and Yu? have ob-
served finite photoconductivity in Ge at low tem-
perature (~2 °K) and low photoexcitation levels
when the mass-action law predicts electrons and
holes should combine to form excitons and elec-
tron-hole droplets with overwhelming probability.
Impact ionization of excitons and electron-hole
droplets by field-excited free carriers could ac-
count for this observation. Asnin, Rogachev, and
Ryvkin® have measured photocurrent as a function
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of applied electric field at constant temperature
(~2.5°K) in Ge. They observed a large (about two
orders of magnitude) increase in photocurrent
when the field is increased from about 3 to about

7 V/cm and attributed this observation to impact
ionization of excitons. More recently Yao, Inagaki,
and Maekawa® have repeated this experiment at
4.2 °K; they also observed a large increase in
photocurrent, but their measured critical fields
are somewhat lower (~0.6 V/cm) and depend on
the photoexcitation level. Impact ionization should
also b e important in double-injection devices at
low temperatures,® ® and preliminary measure-
ments” indicate that the relative concentration of
excitons and free carriers is field dependent and
not given by the law of mass action. The purpose
of this paper is to investigate theoretically the
effect of an external electric field on exciton con-
centration at different temperatures.

Section II contains a qualitative discussion of
the effect of impact ionization on exciton concen-
tration. Quantitative calculations are presented
in Sec. III. Our results are summarized and com-
pared with experiment in Sec. IV.

II. QUALITATIVE PHYSICS

Only those free carriers whose energy is great-
er than t he exciton binding energy can impact
ionize an exciton. At low temperatures (T <€)
few free carriers are this energetic and the im-
pact-ionization rate is very small. An external
electric field accelerates free carriers and in-
creases the number of carriers which are suffi-
ciently energetic to impact ionize. This carrier
heating greatly increases the impact-ionization
rate. Whereas the impact-ionization rate is
greatly increased by an electric field, exciton
ionization by phonon absorption (the dominant
ionization process at thermal equilibrium) is
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not signifcantly affected by an electric field. As
long as the impact ionization rate is slower than
the phonon absorption rate the applied field will
have little effect on the excition concentration,

but once the field becomes large enough that the
impact-ionization rate exceeds both the phonon-
absorption and exciton-annihilation rates, the ex-
citon concentration will drop sharply with increas-
ing field.

The rate of change of the exciton concentration
is controlled by the rate of exciton recombination
and the thermal (phonon absorption) and impact-
ionization and formation rates. Assuming spatial
uniformity (i.e., no exciton diffusion), the rate of
change of exciton concentration is described by
the rate equation
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where 2, , n,, and n, are, respectively, the ex-
citon concentration, the electron concentration
and the hole concentration; A, (Bp), A4, (B,), and
A, (B,) are, respectively, the coefficients for
thermal, electron-impact, and hole-impact for-
mation (ionization); and 7 is the exciton lifetime.
Assuming equal concentrations.of electrons and
holes (n, =%, =n; this will be the case in intrinsic
materials and double-injection devices), the
steady-state exciton concentration is given by

" = [Ap+(A, +A)n]n? @)
BT Bp+1/7+(B, +B,)n’

In a state of thermal equilibrium (no external
field), the ionization and formation coefficients
are related by the principle of detailed balance,

A;/B; =K, (3a)
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Here K is the equilibrium constant; m,, m;, and
m, are, respectively, the transverse-electron,
longitudinal-electron, and hole (density-of-states)
effective masses; and €5 is the exciton binding
energy. If the exciton lifetime (electron-hole re-
combination) is long compared to ionization times,
the exciton concentration is given by the law of
mass action

ng =Kn®, )

In any exciton ionization process, some particle
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(free carrier, phonon, exciton) must have an en-
ergy greater than the exciton binding energy. In
thermal equilibrium, the number of such energet-
ic particles decreases exponentially with temper-
atures (for kT << €); therefore, the exciton-ion-
ization rate decreases approximately exponential-
ly with temperature. At sufficiently low temper-
ature (T<5°K in Ge, T<17°K in Si) the exciton-
ionization rate will become longer than the exci-
ton lifetime and the mass-action law [Eq. (4)]
will not be satisfied. In Fig. 1, we plot exciton
density versus temperature in Ge for infinite ex-
citon lifetime (mass-action law) and for the exper-
imental lifetime. There is a significant deviation
at low temperature. At these low temperatures,
the rate of exciton loss [in Eq. (1)] is governed
by the temperature-independent exciton lifetime;
the rate of exciton gain is a slowly varying func-
tion of temperature and therefore the exciton
concentration varies slowly with temperature in
this low-temperature region.

The cross sections for thermal ionization and
formation and impact formation are smoothly
varying functions of carrier energy; therefore,
the coefficients A,, B, A,, and A, are slowly
varying functions of the external electric field.
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FIG. 1. Exciton density vs temperature for Ge in
thermal equilibrium computed using Eq. (2); dashed line
for infinite exciton lifetime, solid line for an exciton
lifetime of 8 usec . The concentration of electrons and
of holes was taken to be 10! cm™,
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The impact-ionization cross section, however,
contains a threshold (the exciton binding energy);
therefore, as the field excites carriers to states
with energy greater than the exciton binding ener-
gy the impact-ionization coefficients B, and B,
will increase sharply. In Fig. 2, we show the
electron distribution function at several values of
applied field and the impact-ionization cross sec-
tion as a function of electron energy. At zero
field, a very small fraction of the electrons are
sufficiently energetic to impact ionize an exciton;
as an external field is applied, the fraction of
electrons capable of impact ionization is greatly
increased. The effect this carrier heating has on
the impact-ionization rate is shown in Fig. 3.

The sudden increase in the impact-ionization co-
efficient depends only on the existence of a thres-
hold in the impact-ionization cross section. Be-
cause the impact-ionization coefficient increases
very rapidly with field strength, small uncertain-
ties in the thermal-ionization coefficient (which
is not affected by the field) will have very little
effect on the predicted behavior of the exciton con-
centration. The effect of the field will be espe-
cially dramatic at low temperatures, where few

ENERGY DISTRIBUTION
AND CROSS SECTION
VERSUS ENERGY
ELECTRONS IN Ge
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FIG. 2. Electron energy distribution at several ap-
plied electric fields (solid lines) and exciton impact-
ionization cross section (dashed line) measured in units
of the geometrical cross section vs electron energy in
Ge at 8 °K. The threshold in the impact-ionization cross
section is the exciton binding energy (3.6 meV). At
zero applied field, a very small fraction of the electrons
are sufficiently energetic to impact ionize an exciton;
as an external field is applied, the number of electrons
capable of impact ionization is greatly increased.

carriers in thermal equilibrium would be energet-
tic enough to impact ionize, the thermal-ionization
rate is low, and mobilities are high (so carriers
are easily excited).

III. CALCULATION OF EXCITON CONCENTRATION

In order to determine the steady-state exciton
concentration from Eq. (2), it is necessary to
compute the kinetic coefficients A,, A,, A,, B_,

T
B,, and B, (the exciton lifetime is known ex-
perimentally). We first consider the thermal
formation coefficient,

AT: ,Z OT(Ee?eh) I‘—;e _i;h lfe(Ee)f}'(Eh) ,
' (5a)
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FIG. 3. Impact-ionization rate (B, + B, ) vs applied
electric field at several temperatures in pure Ge. As
the field strength is increased, the fraction of carriers
energetic enough to impact ionize rises rapidly and the
impact-ionization rate is greatly increased. The effect
is especially large at low temperature, where the frac-
tion of thermal carriers (zero applied field) sufficiently
energetic to impact ionize is very small and carrier
mobilities are high so that they are easily excited by an
electric field,
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tion, Vis the carrier velocity, and f is the dis-
tribution function. The cross section 0, has been
calculated by Lipnik’; he found that it was essen-
tially independent of the carrier energies and of
the order of 10~ ¢m? for both Ge and Si. The
external field increases the average carrier ve-
locity and therefore the rate at which electrons
and holes collide; since the probability for form-
ing an exciton in an electron-hole collision is
roughly independent of carrier energy, the therm-
al formation coefficient A, is a slowly increasing
function of field.

The thermal-ionization coefficient is not affect-
ed by a small external electric field and can
therefore be determined from the thermal-forma-
tion coefficient at zero field using the principle of
detailed balance,

B,=A(E=0)/K. (6)

The impact-ionization coefficient is taken to be
By= 2. 0,0 V17, @, (1)
k

where 0, is the impact-ionization cross section.
To estimate 0,, we use Percival’s empirical
formula for the electron impact-ionization cross
section of the hydrogen atom® scaled by effective
masses and the dielectric function

o,(€)=7d? (1.191nx +5.26)(x - 1)

X (x%+1.6Tx+3.57)"'0(x-1), (8a)
x:E/EB, (8b)

where g, is the exciton radius. Because of the
threshold in the impact-ionization cross section,
A, (ny is a rapidly increasing function of electric
field.

In this calculation of B,, exciton motion has
been ignored; this approximation introduces two
sources of error, both of which are small and
which affect the result in opposite directions.
First, part of the energy necessary to ionize the
exciton can be supplied by the exciton kinetic en-
ergy so that impact ionization can occur in a col-
lision with a free carrier whose energy is less
than the exciton binding energy. From this point
of view, the impact-ionization coefficient should
be larger than that computed using Eq. (7). With
an applied external field, however, the free-car-
rier energies will be statistically larger than ex-
citon kinetic energies (which are not changed by
the field) and, therefore, we expect this effect to
be small. Second, the exciton (ionized) will re-
coil following collision with the carrier so as to
conserve total crystal momentum. Therefore,

a carrier colliding with a stationary exciton must

have energy somewhat greater than the exciton
binding energy in order for ionization to occur.
From this point of view, the impact-ionization co-
efficient should be somewhat lower than that com-
puted using Eq. (7). This recoil effect is small
for ionization owing to impact with the light car-
rier. In particular, for an electron moving in

the light-mass (transverse) direction (the direc-
tion in which an electron is most easily accele-
rated) this recoil effect is quite small. While
these considerations should be included in a de-
tailed very accurate treatment of the ionization
process, they have no effect on the qualitative re-
sults presented here.

The impact-formation coefficient is a slowly
varying function of field; at zero field it can be
determined from the impact-ionization coefficient
and the principle of detailed balance. To deter-
mine this coefficient at finite fields, the energy
dependence of the three-body recombination cross
section must be known. Sclar and Burstein® have
considered this problem for shallow impurities
and we use their result here:

A= Dot ( ZE‘;Z/Z—;‘%’) €)

where f g is the Boltzmann distribution for zero
field. The impact-formation coefficient decreases
with increasing field strength. For the carrier
concentrations we will consider, the impact-for-
mation rate will be slower than that of thermal
formation.

In pure Ge and Si at low temperature, intraval-
ley acoustic phonon scattering is the most impor-
tant carrier scattering mechanism. In the temper-
ature range we are considering, optical phonons
and acoustic phonons with wave vectors large
enough to cause intervalley scattering are too
energetic to be thermally excited and carriers in
a thermal distribution are not energetic enough to
emit these phonons. An external electric field
heats the carriers, but impact ionization of ex-
citons become important before optical or inter-
valley phonon scattering because the exciton
binding energy is smaller than both the optical
phonon energy and the lowest-energy phonon with
momentum large enough for intervalley scatter-
ing (TA mode). In pure Ge and Si (less than about
10* impurities/cm®), acoustic intravalley phonon
scattering is more important than neutral im-
purity scattering for temperatures greater than
about 1°K.1% ! Therefore, for temperatures and
fields where impact ionization begins to become
important, intravalley acoustic phonon scatter-
ing is the important scattering mechanism.

An analytic expression for the distribution
function may be found assuming longitudinal
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acoustic intravalley scattering, Boltzmann sta-
tistics, that the mean energy loss per collision is
small, and that equipartition holds for the pho-
nons, 2

f(€)=N(e/pT +y)*e kT, (10a)
y=(E/E,), (10b)
E,=(6ms%kT)/?/el , (10c)
/ o
N=qi/s /4 (2R ) T ey lre gy
0
(10d)

Here s is the velocity of sound, m is the carrier
density-of-states effective mass, and [ is the
carrier mean free path. The mean free path due
to acoustic phonon scattering is inversely pro-
portional to the temperature; we set

E,= CT3/? (11)

and determine the parameter C by comparing
computed with measured electron drift veloci-
ties.’® In Fig. 4 we show the result of this com-
parison in Ge; a good fit is possible for fields
less than about 25 V/cm. In the case of Si, it was

108 T T T
Ge E. <100>
i)
i
e ELECTRONS P
L1107+ :
N — — THEORY
e EXPERIMENT
O
s)
—
wJ
~ 108~ 87K -
= /
@ /
o /
/
10° d ] ] !
X 1.0 10 100

ELECTRIC FIELD (V/cm)

FIG. 4. Electron drift velocity vs applied electric field
(applied parallel to (100) direction) in Ge at 8°K. The
dashed line was computed using the distribution function
given in Eq. (10) and E; given in Eq. (11); the param-
eter’' C was fit to give the best agreement with the |
experimental drift velocity (solid line) measured by
Nava et al. (Ref. 13). We see that a good fit is posg-
ible for fields less than about 25 V/cm. In the case
of Si, it was possible to fit the measured drift veloc~-
ities: (electrons, 20 °K, field parallel to (111), data
from Ref. 13; the quality of the fit is comparable to
that for Ge) for fields less than about 100 V/cm.

possible to fit the measured drift velocities for
fields less than about 100 V/cm. We set the hole
distribution function equal to the electron distri-
bution function. (We expect electron impact
ionization to be somewhat more important than
hole impact ionization owing to slightly higher
electron mobilities; therefore, this approximation
to the hole distribution function can introduce at
most a factor-of-2 error in the kinetic coeffi-
cients. However, our estimates of the cross
sections are no more accurate than a factor of
2.) Comparison of the simple distribution func-
tion with detailed Monte Carlo calculations! for
electrons in Si show good agreement for fields
less than or equal to about 25 V/cm at 20 °K. At
a field of 50 V/cm, the simple distribution func-
tion overestimates the effect of the field owing to
the neglect of intervalley phonon scattering, which
begins to become important at these higher fields.
After the distribution function and cross sec-
tions have been determined, the kinetic coeffi-
cients can be computed by a numerical integra-
tion. Once the kinetic coefficients are known,
the steady-state exciton concentration is found
from Eq. (2); the results for Ge and Si are shown
in Figs. 5 and 6, respectively. Parameters used
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FIG. 5. Exciton concentration vs applied electric
field in Ge at several temperatures; the concentration
of electrons and holes was taken to be 1012 em™3, The
sharp drop in exciton concentration when the applied
field exceeds a temperature-dependent critical field is
due to impact ionization by field excited carriers.




in the calculation are summarized in Table I. The
carrier concentrations are typical of those appear-
ing in low-temperature double-injection experi-
ments.>'® For both Ge and Si a sharp drop in
exciton concentration (due to impact ionization)
occurs when fields greater than a temperature-
dependent critical field are reached. The de-
pendence of critical field on carrier concentra-
tion can be found from Fig. 3. The critical field
is reached when the impact-ionization rate first
exceeds both the thermal-ionization and exciton-
annihilation rates. If the number of carriers is
increased, the impact ionization rate per carrier
(plotted in Fig. 3) at the critical field is decreased
by the same factor. For example, if at T=4°K
and E, =1 V/cm the carrier concentration is in-
creased by an order of magnitude, the critical
field decreases by about a factor of 2. The drop
in exciton concentration with external field is
more dramatic at low temperatures, where ion-
ization rates in thermal equilibrium are slow; at
higher temperatures (T2 12°K in Ge, T=30 °K in
Si) the thermal-ionization rate is fast enough that
this process is competitive with impact ionization
even with relatively large applied fields. The
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FIG. 6. Exciton concentration vs applied electric
field in Si at several temperatures; the concentration
of electrons and holes was taken to be 5x10!® ecm™3,
The sharp drop in exciton concentration when the ap-
plied field exceeds a temperature-dependent critical
field is due to impact ionization by field-excited
carriers.
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numerical differences between Ge and Si are al-
most due entirely to the larger exciton binding
energy in Si.

IV. SUMMARY AND DISCUSSION

At low temperatures (T<10°K in Ge and T's 30°K
in Si), relatively modest electric fields (E~2 V/cm
in Ge and E~20 V/cm in Si) can excite free car-
riers to the point that impact ionization of exci-
tons becomes more important than thermal ion-
ization; as a result the exciton concentration drops
rapidly with increasing field. The sensitivity of
the impact-ionization process to external fields is
due to the existence of a threshold in the impact-
ionization cross section. Because of the rapid in-
crease in the impact ionization rate with applied
field, small uncertainties (factor of 2) in the mag-
nitude of the impact-ionization or thermal-ioniza-
tion cross sections would not significantly affect
the results of the calculation.

The results of our calculation appear to be in
qualitative agreement with observations of the
field dependence of low-temperature photoconduc-
tivity measurements in Ge; however, the inter-
pretation of these measurements may be compli-
cated by the formation of electron-hole droplets.
(The boundary conditions used in the calculation,

TABLE I. Parameters used in the calculations: €p is
the exciton binding energy; a, is the exciton radius; 7 is
the exciton lifetime; o4 is the thermal recombination
cross section; 7 is the carrier concentration; C is
carrier scattering parameter; m; is electron transverse
effective mass; m; is electron longitudinal effective
mass; and m, is hole density of states effective mass.

Ge Si
€x 3.6 meV? 14.7 meV?®
a, 1804 ¢ 504A¢°
T g pwsecd 2.6 usec®
op 1071 em? 10718 cm?
n 102 cm™3 5x 1018 em™3
c 5.9%x107% V/cm 8.3x107% V/cm
mg 0.082m 8 0.19m, 8
my 1.6mog 0.97mog
my, 0.3m, & 0.5m 8

2 E. F. Gross, V. L. Safarov, A. N. Titkov, and I S.
Shilmak, Zh. Eksp. Teor. Fiz. Pis’ma Red. 13, 332
(1971) [JETP Lett. 13, 235 1971)].

b K. L. Shaklee and R. E. Nahory, Phys. Rev. Lett. 24,
942 (1970).

¢ T, P. McLean and R. Loudon, J. Phys. Chem. Solids
13, 1 (1960).

“?va, Pokrovskii, Phys. Status Solidi A 11, 385 (1972).

€ J. D. Cuthbert, Phys. Rev. B 1, 1552 (1970).

f Reference 1.

&S. M. Sze, The Physics of Semiconductor Devices
(Wiley, New York, 1969).
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fixed carrier concentration and spatial uniformity,
are really more appropriate to double-injection-
device experiments, where exciton impact ioniza-
tion is also expected to be important.) Our cal-
culated critical fields (about 0.6 V/em at T=4 °K)
is somewhat smaller than that observed by Asnin
et al.® (about 3 V/cm at T'=2.5°K) but in good
agreement with the more recent results of Yao

et al .* (about 0.6 V/cm at T=4.2 °K) and of Gurnee
etal .? (about 1 V/cm at T=2°K). The calculated
decrease in exciton concentration between fields
of 1 and 5 V/cm is about two orders of magnitude,
in agreement with the increase in photoconduc-
tivity observed by Yao ef al. between these two
fields and also in agreement with Asnin ef al.

(for fields of E, to E.+4 V/cm). The dependence
of critical field on carrier concentration (an ord-
er-of-magnitude increase in carrier concentra-
tion decreases the critical field by about a factor
of 2) agrees with the observation of Yao et al.

(Asnin efal. reported that the critical field does
not vary with exciting light intensity). Finally,

we note that in the experiments of Gurnee et al.
and Asnin et al. the excitation levels were pro-
bably high enough to form electron-hole droplets
which are also sensitive to an applied electric
field'® and may have contributed to the observed
increase in photoconductivity in these experiments.
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