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We have measured impact ionization coefficients, a and 3, in 150 A pseudomorphically strained
materials for the first time. The measurements were made on specially designed lateral p-i-n
diodes. @ and B in lattice-matched GaAs layers are found to be lower than those in strained
Ing ,GaggAs and higher than those in strained Ing;sGag¢3Alg5,As. B is larger than a in all the
samples. The results are discussed in. terms of the changes in the band structure due to biaxial

strain.

Measurements of impact ionization coefficients in dif-
ferent bulk and multilayered lattice-matched semiconduc-
tors have been reported in the literature.!”® Biaxial strain
alters the band gap and band structure of the material, and
is therefore expected to alter the impact ionization coeffi-
cients. However, no measurements of impact ionization
coefficients in pseudomorphically strained semiconductors
have been reported, except those made by one of us (PKB)
and co-authors with InGaAs/GaAs strained multiquan-
tum wells (MQW).* Conventionally, the measurement of
impact ionization coefficients are made with p-n or p-i-n
diodes in which carriers move in a 1-2-um-thick active
region in a direction perpendicular to the sample surface.
Such devices cannot be used for measuring the ionization
coefficients in pseudomorphically strained layers whose
thickness must be smaller than the critical thickness. In
this communication, we report the measurements of im-
pact ionization coefficients of electrons and -holes in
pseudomorphically strained layers using specially designed
and fabricated lateral p-i-n diodes.

The experimental samples, shown in Fig. 1, were
grown by molecular beam epitaxy (MBE). The different
channel materials that were investigated are: (1) Strained
Ing,GaggAs, which has band gap smaller than that of
GaAs, (2) strained Ing ;5Gagg3Al5,As, which has a band
gap about the same as that of GaAs, and (3) lattice-
matched GaAs. Background carrier concentration was 3.5
% 10" cm™3, as measured from a bulk GaAs layer grown
at the same time when the experimental samples were
grown. Shown in Fig. 1 is a schematic of the lateral p-i-n
diodes designed and fabricated for pure hole injection. The
slit on. top allows photoexcitaticn and generation of
electron-hole pairs in the »* region. Under reverse bias,
the photogenerated electrons are swept out of the n-type
ohmic contact and the holes are injected into the channel
through diffusion, resulting in single carrier injection. The
undoped region is completely covered by an Au-SiO, bi-
layer to prevent any photogeneration of free carriers in this
area. The thickness of the SiO, layer is 0.6 um. The chan-
nel width is 150 pm.

Impact ionization measurements were made by moni-
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toring the photocurrent multiplication as a function of re-
verse bias. The multiplication coefficients, M, (M p), for
pure electron (hole) injection were measured from devices
with open slits in the p* region (7 region). Shown in Fig.
2 are the measured photocurrent multiplication factors due
to pure hole and pure electron injection in the lateral p-i-n
diodes of different channel materials. ‘

We have deduced the impact ionization coefficients, o
and B, from the measured current multiplication factors.
Assuming that the electric field along the undoped channel
is constant and that pure electron (hole) injection from
one end of the channel can be obtained, we can obtain the
following relations between impact ionization coefficients
and current multiplication factors by integration of Eqgs.
(27) and (28) in Ref. 5,
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We also assume the following forms for a and B:°
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FIG. 1. Schematic of the lateral p-i-n diodes designed and fabricated for
pure hole injection.
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FIG. 2. Measured multiplication factors for pure electron and hole (M,
and M, respectively) injection. The channels of sample UMNR642, 644,
and 656 are GaAs, Ing,GaggAs, and Ing ;5Gag g3Aly4;As, respectively.
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where @, and B, (cm™') are constant prefactors and E,
and Eg (V/cm) are constants.

Using Egs. (1)-(4), one can deduce ay, E,, By, and Eg
from a single M,(E) or M,(E) curve by a numerical
curve-fitting technique. a and f3, so calculated from the
data of Fig. 2, are plotted in Fig. 3 and the value of the
constants obtained from such fitting are listed in Table I.
The ionization coefficients obtained from pure-electron-
injected devices are fairly consistent with those obtained
from pure-hole-injected devices. One can see that both «
and f3 in the GaAs channel are lower than those in the
Ing,GaggAs channel and higher than those in the strained
Ing 15Gay ¢3Alg 22As channel. We believe that the variations
are caused by changes in band gap and hole effective mass
in the different channel materials. When considering the
problem of impact ionization in semiconductors, it is often
assumed’ that there exists a well-defined threshold energy
E such that an incident charge carrier will have a prob-
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FIG. 3. Ionization coefficients deduced from the multiplication factors.
The channels of sample UMNRG642, 644, and 656 are GaAs, Ing,Gag sAs,
and Ing ;5Gag¢3Alg 22AS, respectively.
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TABLE 1. Constants for ionization coefficients of electrons, o
=ag exp(—E,/E), and holes, B=p; exp(Eg/E), deduced from photo-
current multiplication factors.

Channel ag E, Bo Eg

device type (10*em™Y) (10° V/em) (10 em™ ) (10° V/em)

GaAs 3.82 3.80 4.50 3.10
(hole injec.)

Ing;sGagesAlypnAs 319 403 3.92 325
(hole injec.)

Ing;GaggAs 5.90 3.00 6.80 3.02
(hole injec.)

Ing,GagzAs 5.50 3.00 6.50 3.04

(electron injec.)

ability to produce an electron-hole pair by impact ioniza-
tion when its energy is larger than E;. For spherical par-
abolic bands, E is given by

1+2u
ET= (m) Eg, (5)

where E, is the band gap of the semiconductor and
p=m,/m¥. Keldysh® has given an analytic approximation
for the impact ionization rate, which is given by

1 P (E-ET)2 )

(E) 7(Er) \ Er

where 1/7,(E) is the ionization rate, 1/7(E) is the pho-
non scattering rate at E=FEy, and P is a constant. We can
see from Eqs. (5) and (6) that (1) for fixed band gap, a
smaller hole effective mass gives a larger Er, and thus a
lower ionization rate, and that (2) for fixed carriers
masses, a smaller band gap gives a smaller Er, and conse-
quently a larger iomization rate. For the strained
Ing 15Gag 63Al922As channel, E, remains the same but m¥
decreases, as compared to GaAs, resulting in an increase in
Er and a decrease in impact ionization rates. For the
strained Ing,GaggAs channel, although m¥ decreases, the
significantly reduced band gap leads to a smaller E. This
results in increased impact ionization coefficients. Eq. (5)
is a very rough approximation for Er, since bands are very
far from parabolic at high energy. However, Keom et al.’
have made much sophisticated calculations using (1) 6-
band k - p Hamiltonian for valence-band states, (2) a tight-
binding method for conduction-band states, and (3) a per-
turbation theory for the transition rates. Their results also
show that excess In can reduce the threshold ionization
energy and that if compressive strain is introduced without
altering the band gap the threshold energy is increased.
These calculations agree with our experimental results.
The  reduced ionization  coefficients in  the
Ing 15Gag ¢3Alp5,As channel might be also partly due to the
increased random alloy scattering caused by the ternary
material. One may also notice that B> a for all the sam-
ples.
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