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1. Introduction

For many years, intense studies have been carried out for
processes of impact ionization in the semiconductors [1-6].
This is caused not only by the importance of studying
fundamental physical phenomena related to heating the
charge carriers in the high electric field [5-7], but necessity
of creating a number of the semiconductor instruments for
systems of the fiber-optic communication lines (FOCL), the
high-frequency electronics, laser range finding, communica-
tion in free space, etc. [8—12]. Besides, the impact ionization
phenomenon can be used for improving characteristics of
light-emitting structures and devices based thereon (light-
emitting diodes, lasers) in order to improve the quantum
efficiency and increase the output optical power [13].

The first avalanche photodetectors designed to operate
within the spectral range 1.3—1.55um were based on Ge
and Si and described in the monographs [7,8,14]. However,
the requirement of developing the avalanche photodetectors
for the near- and mid-infrared regions of 2—5um has
attracted researchers to the A™BY semiconductor com-
pounds (GaAs, InAs, InSb, GaSb, InP, AlISb) and their solid
solutions [15].

The avalanche photodiodes (APD) for the FOCL systems
and high-frequency detection must comply with a number
of important requirements: high amplification, a large ratio
of the ionization coefficients of electrons and holes, low
dark currents, high response rate, a low level of excessive
noise [2-4,7,10-12]. For the last twenty years, the studies
for creation and improvement of these devices have been
actively carried out in many research centers of USA,
Great Britain, France, Germany, Japan, China and in Russia
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as well [8,14,15]. Extensive experimental and theoretical
studies of employees of the loffe Institute play a significant
role among these studies [5,6,9,13,15-19].

The main result of these studies was new under-
standing of the fundamental physical processes of the
impact ionization and establishing their relation to a band
structure of the semiconductor materials. It has been
demonstrated that energy band diagrams of the multi-
valley A'BY semiconductors are advantageous in creating
low-noise, practically noiseless APDs designed to oper-
ate in the near- and mid-infrared ranges. It has been
established that this task is to be solved by applying
two physical effects — monopolarity multiplication of
the charge carriers and low threshold energy of ioniza-
tion due to the band ,resonance phenomenon, ie. a
closeness of the band gap value and the value of spin-
orbit splitting of the valence band. This conclusion was
confirmed by a big number of the studies and creation
of an APD model based on the GalnAsSb/GaAlAsSb
solid solutions with separated regions of absorption and
multiplication. It was tested in an optoelectronic re-
ceiving module designed to record the radiation of the
pulse lasers.

This review presents a new approach to selecting mate-
rials for developing the APD with the large ratio of the
ionization coefficients and the low level of excessive noise.

2. Impact ionization in the high
electric field

The process of interband impact ionization and multipli-
cation of the charge carriers, ie. creation of the electron-
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hole pairs is caused by the Coulomb interaction of electrons
and determined by a type of a distribution function of hot
carriers in the electric field and a value of the threshold
ionization energy [1,4,5,8]. A process, in which the ionizing
particle is a hot electron from the conductivity band, is
called electron impact ionization. If the ionization is caused
by a hole from the valence band or the spin-orbit split-off
band, then we say about hole ionization. The coefficient
of impact ionization is determined as a reciprocal value of
the average distance, which must be covered by the charge
carrier along the electric field to create the electron-hole
pair. The impact ionization is usually done by the charge
carrier, which has reached the threshold ionization energy
&ie and & for the electron and hole, respectively. Its value
depends on the band gap Eg and values of the effective
masses of the charge carriers [8]. In case of two parabolic
bands, this energy for electrons is determined as

gie = [1 + Me/(Me 4+ my) | Eg, (1)
and for the heavy holes it is equal to
gih = [1 + my/(me + my)] Eg, (2)

where me and my, — effective masses of the electron and
the hole, respectively. If me < My, then the values of the
threshold energy for the electrons and the holes will be
equal to

ge~Ey, &n~2Eg. (3)

In case of the multi-valley semiconductors with a complex
structure of the valence band, taking into account the spin-
orbit split-off band with the energy A for the ionization by
the hole, we obtain

gin = [1+Meo(1 — A/Eg)/(2my — Mo + M) B, (4)

where Mgy — an effective mass of the hole from the spin-
orbit split-off band.

Let us consider a relation of the main characteristics of
the avalanche photodiodes with multiplication coefficients.
The avalanche multiplication of the charge carriers is a
process of creating the electron-hole pairs in the electric
field, which are generated due to the impact ionization
by the hot carriers. The multiplication coefficient of the
electrons Mg, and the holes My, are defined as a ratio of the
current flowing through the APD in presence of avalanche
multiplication to the current value without avalanche:

Me = le(w)/1e(0),  Mn = In(w)/1n(0), (5)
where w — a width of space charge region. The multipli-
cation coeflicients are usually measured when illuminating
the p—n-junction (at p- or n-side) by strongly absorbed
radiation, thereby allowing determining a value of the
photocurrent, which is multiplied by minority carriers —
electrons in the p-region or holes in the n-region.

The relationships between the values of multiplication
coefficients and the coefficients of ionization of electrons
a, and holes, 8, were derived in the papers [8,20]:

1—l/Me:/a(x)exp[—/(a—ﬁ)dx’} dx, (6)

1= 1My = /ﬂ(x)exp[—/(a _pdddx.  (7)

For the sharp p—n-junctions it results in the field depen-
dence of the ionization coefficients of the following kind:

ﬁ(Em) = (I/Me)(th/dw)’ (8)
@(Em) = B(Em) + (d/dw)[In(Me/Mp)], 9)

where En, — the maximum value of the electric field in the
p—n-junction.

The maximum amplification, response rate, the multipli-
cation coefficient M and the frequency band width B, as
well as APD noise are heavily dependent on the ratio of the
ionization coefficients K = /. The statistical parameters
of the avalanche multiplication process were considered
independently in the papers [11,12]. It was shown that
if the charge carriers are moving in the high electric field,
when the impact ionization process involves both electrons
and holes, then the avalanche consisting in two opposite
fluxes of ionizing particles has a positive feedback, which
results in the increase in current fluctuations and excessive
noise [10].

The noise value in the unit frequency band is described
by the relationship

(i?) = 2el yo(M?)F, (10)

where |0 — an avalanche initiating photocurrent, F —
the coefficient (factor) of excessive noise, and the brackets
(') mean averaging. The coefficient of excessive noise is a
measure of degradation of the real APD in comparison with
the ideal noiseless photodiode with the monopolarity multi-
plication of charge carriers: F(M) = (M?)/(M)2. The value
of the parameter F depends on selection of a photodetector
material, the ratio of the ionization coefficients and the APD
design.

If the avalanche-like process is determinative, i.e. each
injected charge carrier is subjected to the same multipli-
cation M, the factor of excessive noise is equal to unity
(F =1) and the measured noise (i?) is equal to just a
value of shot noise. Some charge carriers with different
amplification have an average multiplication coefficient (M).
In the paper [21], Tager demonstrated that in case of the
same ionization coefficients the spectral noise density must
be in average in M times higher than in case when one of
them is much bigger than the other. If a = f, there is a
positive feedback in the avalanche, which greatly increases
the multiplication fluctuations and results in the excessive
noise. That is why one of the main requirements to APD
is a large asymmetry of the coefficients of ionization of the
charge carriers.
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highly anisotropic (see Fig. 2) [22,23]. In particular, the
direction (111) in the central I'-valley has no state with
k=50 the energy of an order of the impact ionization threshold
20 gie ~ Ey. Beside the central I'-valley, these semiconductors
have subsidiary L- and X-valleys, located in terms of the
10 energy by AL and Ax higher than the bottom of the I'-valley,
5.0 wherein A, Ax < Ey. In this situation, the main mechanism
2.0 for the scattering of electrons with the energy e > A[,
0 Ax in the T-valley is intervalley scattering [7,23-28]. This
i character of the band structure substantially affects a kind
83 of the distribution function at the high energies. The strong
anisotropy of the energy spectrum results in the anisotropy

100 F T
E Hole injection  Electron injection

Noise spectral density/2elgM>

- of the distribution function and, therefore, to the anisotropy
w of the coefficient of impact ionization of the electrons.
0.01 ———nl— el e
1 10 100 1000 10000

Multuplication, M

Figure 1. Dependence of the noise spectral density rated
to 2elsM®, where |s — injection current, on the average
multiplication coefficient M, which is calculated for various values
of the ratio of the ionization coefficients k = B/« for the electron
or hole injection [12].

In the paper [12], Mclntyre obtained expressions relating
the factor of excessive noise and the ratio of the ionization
coefficients of electrons and holes k = 8/a:

Fo=Me{1 - (1-K)[(Me — )/MeJ?} (1)
for electron injection,

Fo=Mn{1— (1= 1/K)[Mh—1)/Mp]*}  (12)

b
for hole injection.
Fig. 1 shows the dependence of the noise spectral density
on the average multiplication coefficient for various values I
of the ratio of the ionization coefficients. As it is clear, the 3¢
lowest noise of avalanche is reached, when the parameter k s

takes either very big or very small values provided that the

avalanche is initiated by the charge carrier with the highest X
ionization coefficient (ie. @ > 8 or B > a). 3¢
The response rate of the avalanche process and the X1e

product of the multiplication coefficient to the band width, Il £,
M x B, depends on a drift time of the carriers through

the space charge region 77 = w/Vgr (Where Vg — the drift ﬂ Ag
velocity) and the ratio of the ionization coefficients k = B/ a: /
MxB=1/5 ~1/k(w/V4) at k<1 (13) L3y

Energy, eV
Sy

3. Anisotropy of the ionization
coefficients of electrons in the
multi-valley semiconductors
of the GaAs and InP type

~m/a(111) k=0 /a(100)

In the ABY semiconductors of the GaAs, GaSb, InP  Figure 2. Energy band diagrams of GaAs [22] (a) and
type and their solid solutions the conductivity band is GaSb [23] (b).
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In the majority of the A!MBVY semiconductors and
their solid solutions (GaAs, InP, InGaAs(P), etc.), the
ionization coefficients of holes and electrons are close
to each other, so the values of the parameter k = f/a
stay within the range 2—4, in contrast, for example, to
Si, wherein the impact ionization by electrons is pre-
dominant and k =~ 0.01—0.02. That is why many efforts
have been made during the last decades to create and
study semiconductor materials with the high ratio of the
ionization coefficients. As it was shown in the result
of the theoretical and experimental studies, the narrow-
gap semiconductor materials InAs, GaSb and the solid
solutions based thereon have the high ratio of the ionization
coefficients of electrons and holes, thereby allowing creating
APD for the mid-infrared range with the low level of
excessive noise. It was enabled by establishing a relation
between the processes of impact ionization in the high
electric field and features of the band structure of the A'BY
semiconductors [6,9].

The method of calculation of the distribution function
of the charge carriers for the polar semiconductors of the
GaAs and InP type when heating in the high electric
field at the high energies was developed in the papers
of A'P. Dmitriev and IN. Yassievich [5,6]. These calcu-
lations allowed predicting the anisotropy of the ionization
coefficients of electrons in GaAs in dependence on the
orientation of the electric field in the crystal [29] by taking
into account an important role of constants of intervalley
interaction I'-, X- and L-valleys when heating the charge
carriers. In the paper [6], it has obtained formulas relating
characteristic fields of impact ionization by electrons with
material parameters in the multi-valley semiconductors of
the GaAs and InP type.

In very strong fields, the function of distribution of
carriers is determined by diffusion heating of electrons
in the ,heavy” X-valley with scattering on deformation
optical phonons. This case is important for understanding
the anisotropy of the field dependences of the ionization
coefficients in the multi-valley semiconductors, such as
GaAs, InP and their solid solutions [30,31].

The paper [29] was the first to show that in the multi-
valley semiconductors of the GaAs and InP type, the
coefficients of impact ionization of electrons «(E) are
anisotropic and have a various character of the dependence
for different directions of the electric field. ~When the
field E is applied along the crystal-lattice direction (100)
or (110), there is ballistic heating in the I-valley and
the dependence of the Ina o< Ey;/E type is true, where
Eo1 =2.6-10°V/em. If E|| (111) and the ballistic heat-
ing in the I'-valley is impossible, then the distribution
function is formed due to the scattering of electrons
from the X-valley. Then, the ionization coefficient of
electrons in the strong fields (E > 3.6-10° V/cm) shall
be governed by a quadratic relationship Ina o< (Egy/E)?,
where Egy = 9-10° V/em, and the function of distribution
becomes isotropic [2].

For the ballistic mode, the dependence of the ionization
coefficient on the electric field strength is given by the
relationship [9]

a(E) = ao1 exp[—(Eoi/E)], (14)
where the characteristic field Ey; is written as
Eo1 = [2mx (gie — Ax)]Y*Erx? (2mpeV B wpy ) ™!
x cth(hwpy/2KpT), (15)

my — the effective mass of electron at the bottom of the
X-valley, Ax — the energy distance between the bottom
of the conductivity band and the bottom of the X-valley,
Erx — the constant of the intervalley interaction for the
I'- and X-valleys, p — the density of the crystal, € — the
charge of electron, 7 — the Planck constant, wrx — the
frequency of the intervalley phonon for I'- and X-valleys,
kg — the Boltzmann’s constant.

The following dependence is true in the diffusion mode
with isotropic scattering [9]

a(E) = ag exp[—(E2/E)], (16)
and the characteristic field Ey, is expressed as follows
Eo2 = (MxExx)*[3(gie — Ax)/hawxx]"/*(mpeh?) ™!
x cth'/? (howxx /2ksT), (17)

where Exx — the constant of the intervalley interaction
between the equivalent valleys, wxx — the frequency of the
respective intervalley phonon. At the same time, values of
the coefficients of impact ionization for the field direction
E || (111) should be lower than in the directions (100)
and (110).

The experimental measurements of the ionization coeffi-
cients of electrons in the high electric fields can be used
to determine values of the characteristic fields Ey; and Egy,
and, after that, by means of the formulas (15) and (17), to
find the constants of the intervalley interaction I'—X, X—X
and compare them with the calculated data [25-28,32].
Table 1 shows values of the characteristic fields Eg, Epy
and the constants of the intervalley interaction Zrx, Exx
for the GaAs, InP, GaAlSb and GaAsSb semiconductor
compounds. The experimental values of the ionization
coefficients in GaAs for the orientations (100) and (111), as
well as InP (100) were taken from the papers [28,32-34].
The values of the characteristic fields in the GaAlISb and
GaAsSD solid solutions have been obtained from the exper-
imentally measured coefficients of impact ionization [31].
As it follows from the table, there is evidently good
agreement of the experimental results with the theoretical
estimates [30].

For the first time the anisotropy of the ionization coeffi-
cient was proofed experimentally in [33] when studying the
field dependences in the AlIGaSb/GaAs system. Fig. 3 shows
the dependence of the ionization coefficient of electrons

Semiconductors, 2022, Vol. 56, No. 13
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Table 1. Constants of the intervalley interaction, which are calculated based on the experimental values of the characteristic field Eg

and Eg, [28,31-34] by means of the expressions (15) and (17)

. Orientation - -

Material of the substrate Eo1, V/iem Ep, V/iem Erx, eV/em Exx, eV/em

GaAs (100) 2.6-10° 1.4-10°
(111) 8-10° 1-10°

InP (100) 3-10° 1.2-10°
Ga;_xAlSb

x=0 (100) 5.4-10° 1.8-10°

x = 0.05 (111) 1.3-10° 8.4- 108

x = 0.07 (111) 1.75-10° 9.8 - 108

x =0.15 (100) 6.4-10° 1.4-10°
GaAs; _xSby (100) 5.10° 7.2-10°

x =0.12

in GaAs on inverse strength of the electric field for the
two orientations of the vector E along the directions (100)
and (111). As it is clear from the figure, with change
in the field strength the ratio of the ionization coefficients
also noticeably changes, while the ionization coefficient of
electrons along the field direction E || (111) becomes less
than for the direction (100). Note that the theoretical
papers [35,36] devoted to the Monte-Carlo calculation of the
coefficients of impact ionization in GaAs did not discover
the anisotropy effect, as they used the simplest model
of a semiconductor with a non-degenerate, spherically
symmetrical band structure [37].

105 T T T T T

A

103 1 L 1 L 1 L

2.0 24 2.8 32
EL10°v!.cm

Figure 3. Anisotropy of the ionization coefficient of electrons

in GaAs at the temperature of 300 K. Dots — the experimental

data for the cases E || (100) (1) and E || (111) (2) [33], the solid

curves — the calculation results [9].
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The experimental results of the papers [33,34], were
confirmed in the publications [29,37], as well as in the
paper [31] when studying an orientation dependence of the
ionization coefficients in the GaAlSb solid solutions. Later
on, we observed the anisotropy of the ionization coefficients
of holes and electrons in the GaSb-based structures when
taking into account a role of the L- and X-valleys and
when changing the orientation of the electric field along
the directions (100) and (111).

The theoretical calculations of the distribution function of
the charge carriers in the high electric field in the A!BY
semiconductors of the GaAs, GaSb and InP type can be
used when analyzing the processes of impact ionization
in other semiconductor compounds in order to choose
promising materials for APD creation.

4. Impact ionization by holes in the
semiconductors with a complex
structure of the valence band

The paper [24] was the first to study a heating process for
the charge carriers in the electric field in the semiconductor
with two valence subbands with substantially different
effective masses of the holes. Following the Gribnikov
method, we have theoretically studied the processes of
impact ionization of holes in the ABY semiconductors
with the complex structure of the valence band [30]. In the
majority of the semiconductors, the valence band includes
bands of heavy and light holes, as well as the spin-orbit
split-off band. In the materials with a various band gap and
a different spin-orbit split-off value the three important cases
can be realized: Ey > A (Ge, GaAs, InP), Eg < A (InSb),
Eg ~ A (InAs, GaSb), where A — a value of the spin-orbit
splitting of the valence band. As it was demonstrated by
the calculation, in the first two cases the main role in the
formation of the distribution function at the high energy
values is played by the scattering on deformation optical
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phonons and the ionization coefficients of holes in these
semiconductors are expressed as

B(E) = Bor exp[—(Eo1/E)], (18)

where the value of the characteristic field Ey; depends
on parameters of the band structure, the constant of the
deformation potential and the temperature [6].

The valence bands of the studied semiconductors are
arranged in a similar way. The spectrum of heavy holes is
close to a parabolic one and characterized by the effective
mass My, whose values are approximately the same for
all the AMBY semiconductors, as the effective masses of
electrons differ strongly [38,39]. At low energies, the mass
of light holes is much less than the mass of heavy holes
(m < my).  With increase in the energy, the mass of
light holes increases and at the energy &€ > A it becomes
comparable with the mass of heavy holes (m = my). At the
same time, the mass of holes in the spin-orbit split-off band
always meets the condition Msg < My. Due to similarity of
the band structures in the semiconductors of the GaAs, InP
type, the scattering on the deformation optical oscillations
in them is of the same order of value.

At the same time, the process of impact ionization in
InSb has a number of differences [40]. In this material,
the band gap is substantially lower than the spin-orbit
splitting of the valence band: Eg = 0.17¢V, A=0.8eV
at T =300K [38,41]. The main mechanism of electron
scattering within the InSb conductivity band is scattering
on longitudinal optical phonons. The calculation of charac-
teristic field Eq; gives a value of ~ 103 V/em [42,43]. But,
in the valence band in InSb, as well as in GaAs, there
is strong scattering on the deformation optical phonons,
thereby resulting in increase in the characteristic field Egy;
and, therefore, to the sharp decrease in the ionization
coefficient of holes B(E). This coefficient also reduces due
to the fact that the ballistic heating involves only light holes
making up a small portion of the total number of the holes,
as their effective mass is much smaller than the mass of
the heavy holes (m = 0.015my, m, =0.43my). At the
same time, the effective heating in the conductivity band
is contributed by all the electrons with the threshold energy
of ionization &e &~ Ey [40]. That is why hole multiplication
was not observed in the experiments on impact ionization
in InSb [44-46).

5. Coefficient of impact ionization
of holes in the semiconductors
with ,resonance“ of the bands
Ey; = A (InAs, GaSb)

The most interesting situation in the semiconductors of
the InAs, GaSb type (see Fig. 4 and 2,b) and their solid
solutions, in which the relationship Eg ~ A is fulfilled —
the so-called ,resonance™ of the bands. This effect plays
an important role when creating the avalanche photodiodes

L r X
k

Figure 4. Energy band diagram of InAs [23].

with the high ratio of the ionization coefficients of electrons
and holes [16], especially those based on the narrow-gap
semiconductors.

The avalanche multiplication in the p—n-photodiodes
based on InAs at the room temperature was discovered
for the first time in the paper [47]. Under the helium-
neon laser’s illumination (the wavelength 0.633 um, the mo-
dulation frequency 125MHz) the multiplication coefficient
M ~ 1.1-12.5 was measured in dependence on the value
of the reverse bias within the range 0.5—10V.

The first experimental data on the avalanche multiplica-
tion in the InAs diffusion p—n-junctions were obtained in
Toffe Institute in 1967 (see Fig. 5) [48]. That paper provides
the first proof of the asymmetry of the multiplication
coefficient of holes and electrons, when the photodiode
n— p-structure is affected by the monochromatic short-wave
radiation with the wavelength 4 = 1.5 um (heavily absorbed
within the n-region), and by the long-wave radiation
(A = 3.8 and 3.95 um) (absorbed within the p-region). With
the reverse bias U = 2—10V, the multiplication coefficient
of electrons Me was changing from 7 to 12 and was much
less than the multiplication coefficient of holes My, which
was 40—60. The same paper was the first to evaluate
the threshold energy of electron ionization by comparison
of the experimental data with calculation curves of the
paper [3]. The estimates have shown that the threshold

Semiconductors, 2022, Vol. 56, No. 13
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Figure 5. Dependences of the photocurrent value on the reverse
bias for the two InAs p—n-junction (7, 3 — the sample 39; 2,4 —
the sample 34), illuminated at the p-side by radiation with the
wavelength, um: 1,2 — 1.5; 3 — 3.8; 4 — 3.95 [48].

energy for electron ionization is within 1.2E5 < e < 1.6Eg
(where Eg =0.42eV) at the value of the electric field
Em=2-(10*~10%) V/cm.

The threshold energy of hole ionization in several photo-
diode p—n-structures, illuminated at the p- or n-sides, was
determined by experimental investigation of the minimum
energy required to start the avalanche multiplication by
holes [49]. It turned out that the ionization thresholds
of electrons and holes are close to each other and stay
within the range 0.4—0.5eV. As the threshold energy for
ionization by heavy holes was ¢in ~ 2E5 = 0.84 ¢V, it was
supposed that the direct impact ionization in InAs was
realized by involvement of holes from the spin-orbit split-
off band, whose effective mass Mg, was smaller than the
mass of heavy holes (Mg = 0.16my, my = 0.41 my), and
the energy was close to the band gap (A = Ey).

Semiconductors, 2022, Vol. 56, No. 13

The papers [50,51] were the first to evaluate probabil-
ities of various channels of impact ionization and Auger-
recombination in InAs, which are realized with involvement
of various subbands of the valence band, including the spin-
orbit split-off band. The theoretical analysis demonstrated
that in this case the Coulomb interaction of the charge
carriers participating in the impact ionization is occurring
at small transfer of the momentum, thereby substantially
increasing the process probability. That is why in the
materials, whose band gap is close to the value of the
spin-orbit splitting (InAs, GaSb, HgCdTe and their solid
solutions), the coefficient of impact ionization of holes
is sharply increasing in comparison with the ionization
coefficient of electrons. Fig. 6, a illustrates the experimental
values of the ratio of the ionization coefficients of electrons
and holes in InAs and the InAsSb, InGaAs, InAsSbP solid
solutions in dependence on the composition [52]. Almost

100 T e -1 a
X —2
o-3
v -4
/‘\
3 /x N\
A10 F x/ \q i
/ \\
// a
v / v
7/
1 / 1 1 1
0.8 1.0 1.2
AE,
T T 7 I\ I ]
v_ 5 // : v b ]
101 L A-6 v/ | kv ]
/ I\
/A | \
g ¥ 7 N
[eo R r — \ 1
Ofr=” AN ]
10 Ez | A ]
r | vV N
|
| GaSb
1071 L 1 L | L | 1
0.6 0.8 1.0 1.2
AE,
Figure 6. Ratio of the ionization coefficients of holes and

electrons in dependence on the parameter A/Ey in the A"'BY
semiconductors. a — data for InAs (7), In;_yGaxAs (X = 0.02,
0.04) (2), InAs;_xSbx (x = 0.06, 0.08) (3), InAsSbP (4) [52].
b — data for Ga;_xAlxSb at the strengths of the electric field
E =3.3-10* (5) and 4 - 10* V/em (6) [53].
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at the same time, the ,resonance” impact ionization by
holes was observed by various authors in GaAlSb (see
Fig. 6,b) [53-56], as well as in the zero-gap semiconductors
in the HgCdTe system [57]. Later on, the effect of the
»esonance impact ionization had been actively used by
foreign authors to create APD with the high ratio of the
coefficient of impact ionization [14].

The effects of avalanche multiplication and the field de-
pendence of the ionization coefficients in the p—n-junctions
based on InAs and its solid solutions such as InGaAs,
InAsSb at the temperatures 77 and 300 K were investigated
in detail in the papers [49,58,59]. The diffusion and epitaxial
structures were grown on the n-InAs substrates.

Fig. 7 shows the field dependences of the ionization
coefficients of holes and electrons at T = 77K for the
p—n-structure on InAs. It was established that within
the whole studied range of strengths of the electric field
the ionization coefficient of holes exceeded the ionization
coefficient of electrons by more than an order. A typical
»oreak® on the dependence B(1/E) seems to be caused
by a change of the mechanism of impact ionization by
holes when increasing the strength of the electric field. In
weak fields, this process is contributed by the holes of the
spin-orbit split-off band, whose ionization threshold is close
to the threshold of the electron (&in ~ A~ Eg =0.73eV).
The increase in the ionization coefficient of holes with
increase in the field strength E may be associated with the
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Figure 7. Dependences of the ionization coefficients for

electrons (/) and holes (2) on the reverse strength of the electric
field in the p—n-junctions based on InAs at the temperature of
77K [58].
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Figure 8. Dependences of the noise spectral density S on the
multiplication coefficient for InAs and InGaAs APD structures in
case of electron («) and hole (8) injection for the various values
k = B/a. Dots — the experimental data [49], the curves — the
calculation results for k = 10 (7, 3), 20 (2, 4), oo () [12].

contribution of the heavy holes, whose ionization threshold
is equal to &n =~ 2E5 = 0.82¢eV.

The excessive noise in the InAs- and InGaAs-based
APDs in the spectral range 3—5um was investigated in
the paper [49]. Fig. 8 shows the dependence of the noise
spectral density on the multiplication coefficient for the
studied structures. The experimental ratio of the ionization
coefficients B/a was up to 20—50. Due to predominant
contribution of the holes from the spin-orbit split-off band,
a minimum value of the noise factor F(M) = M%! was
obtained, which corresponds to practically monopolarity
multiplication of charge carriers.

One question is interesting — how the threshold energies
of impact ionization are changing in the solid solutions with
change of the band structure of the material. Specifically,
when designing APDs based on the InGaAs, GaAsSb solid
solutions [59,60], which are more narrow-gap semiconduc-
tors in comparison with GaAs, it shall take into account
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that the threshold of direct ionization is reduced by adding
a material with a higher or lower value of the ionization
coefficient of holes and electrons and stays within the first
conductivity band due to a smaller value of the effective
mass of electrons in comparison with the mass of the holes.
This threshold is closer to the band gap (eie ~ Eg). That
is why the condition « > B is always fulfilled in these
materials. For example, in the InGaAs solid solution with
a high content of GaAs the subsidiary X-valley is highly
located in energy band diagram so the scattering to this
valley can be neglected. Therefore, the ionization coefficient
of electrons in this material should be higher than in GaAs.

It should be noted that in the InAs solid solutions
(InAsSb, InAsSbP, etc.), with the change of the composition
and the temperature, there is also a change of the
relationship between the band gap and the value of the
spin-orbit splitting, thereby, in turn, changing the ratio
of the ionization coefficients by deviation from the band
resonance when adding another material.  Specifically,
as in GaAs and InAsSb « > B, then the InGaAs solid
solution will have the lower ionization coefficient of holes
in comparison with InAs (see Fig. 6,a) [52].

Above, we have considered the orientation anisotropy
of the electron ionization coefficient in the GaAs and InP
multi-valley semiconductors. Let us now consider how the
ratio of the ionization coefficients of holes and electrons
k = B/a is changing in GaSb due to the subsidiary valleys
in this material. The GaSb band structure has the X- and
L-valleys with the high effective mass of electrons. At the
same time, the fourfold degenerate subsidiary L-valley is
located below the minimum of the central I'-valley along
the direction (111) by the value A_ = 0.08 eV, whereas for
the X-valley the gap is Ax = 0.5eV (see Fig. 2,b). As the
effective mass of electrons in the L-valley is much higher
than the effective mass in the Iminimum (m_ = 0.5my,
mp = 0.043 my, respectively), then a significant number
of electrons will be in the L-valley already at the room
temperature [9]. In the electric field, the average energy of
electrons, which is characterized by the electron tempera-
ture Te, increases with increase in the electric field strength,
thereby resulting in the most part of electrons is situated
in the L-valley. The estimation show that the ratio of the
electron concentrations in the I'- and L-valleys expressed as

ne/ne = [pr(e)/pL(e)] exp(AL/Te). (19)

In the fourfold degenerate L-valley, the densities of the states
are correlated as effective masses with a power exponent of
3/2 and we obtain

ne/ne = (mp/my)¥2 exp(AL/Te), (20)

so the number of electrons, which can participate in impact
ionization, is only a small portion of their total quantity:

nr = n/[1 +4(mp + m)>? exp(—AL/Te)] = 0.017, (21)

where AL = 0.08¢V, Te = 3hwy, hwo = 0.029eV. As the
impact ionization involves only the electrons of the I'-valley
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with energies equal to or higher than the threshold
energy, then the number of these electrons with the
small effective mass (mp = 0.023 my) is determined by the
threshold value and the total number of the particles in the
I-valley. As a result, GaSb and the solid solutions with
compositions close thereto will have conditions, when the
ionization coefficient of electrons is substantially reduced
in comparison with other semiconductor materials due to
strong reduction of a pre-exponential factor in the formula
a(E) = ap exp|—(Eo1/E)], — for example, in GaAlSb,
GalnSb, etc. If the electric field in the structure is
directed along the axis (100), when the role of the L-valley
is not important, then the big ratio of the ionization
coefficients B/a can be achieved by means of increasing
the ionization coefficient of holes due to the resonance
ionization (A ~ Eg). The GaSb was the first one to have
fortunate combination of two factors discovered: a low-
lying heavy L-valley that pumping out the electrons from
the X-valley, and, at the same time, the band ,resonance®
phenomenon with involvement of holes from the spin-orbit
split-off band with the low ionization threshold. Thus in the
GaSb and in the solid solutions with compositions close
thereto the monopolarity multiplication by holes can be
realized thereby allowing to create practically ,noiseless™
avalanche photodiodes.

6. Monopolarity multiplication
of the charge carriers in structures
with separated regions of absorption
and multiplication

In order to reduce the excessive noise and increase the
ratio of the ionization coefficients, the separate absorption
and multiplication avalanche photodiodes (SAM APDs)
have been developed for the mid-infrared region of the
spectrum. The localization of the absorption region in
the narrow-gap semiconductor and the multiplication region
in the wide-band material allows reducing a value of the
electric field at the heterointerface of the narrow-gap region
and avoiding increase in tunnel current, when the avalanche
is developing within the wide-band region. This APD
design was suggested for the first time in a paper of
Japanese authors of the NTT Corp. [61] to be based on
the Ing 53Gag47As/InP structure, which was grown by the
liquid-phase epitaxy (LPE) on the p*-InP (100) substrate
for the spectral range 1—1.6um. The absorption region
was in the narrow-gap InGaAs solid solution, while the
multiplication region was in the wide-band InP layer. The
suggested structure allowed reducing the diffusion current
and decreasing the electron tunneling probability at the
heterointerface out of the InP valence band to the InGaAs
conductivity band [62]. It was shown that the ionization
coefficient of holes exceeded the ionization coefficient of
electrons in 2—4 times, while the noise level was lower
than that of the germanium APD under irradiation by the
pulses of the YAG : Nd-laser.
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Figure 9. Photocurrent spectra at the room temperature for the
GalnAsSb/GaAlAsSb SAM APD in dependence on the reverse
bias, V: I — 0,2 — 5,3 — 10, 4 — 20 [63].

In order to create low-noise, high-speed APDs designed
to operate within the mid-infrared range 2—5um, we have
grown a structure based on the GalnAsSb/GaAlAsSb solid
solutions [63]. It should be underlined that this APDs
have been designed with predominantly multiplication by
holes in the N-GaAlj 04AsSbg.gs absorption layer, wherein
the ,yresonance” composition for holes was implemented
(Eg = A~ 0.76 ¢V). This structure was the first to observe
the monopolarity multiplication of holes from the spin-orbit
split-off band for the (111) orientation of the electric field
and to obtain the lowest noise factor of F(M) = 1.6 at the
ratio of the ionization coefficients k = B/a ~ 6—10 [64].
The Ing,Gag 738As0.18Sbo.72 narrow-gap absorption region
(Eg =0.54eV at T = 77K) has been grown by the liquid-
phase epitaxy on the n-GaSb:Te (111) substrate using
Pb [65]. The concentration of the carriers in the narrow-gap
region was low and equal to n= (2—5)- 10" cm~3 [66].
Within the multiplication region, the p™—N-junction was
in an indirect-band alloy close in terms of the composition
to GaSb, n—Gao_ééAlo.34AS0.025Sb0.975 (Eg =1.2 CV) with
the concentration of the carriers in the p*-layer equal to
5-10' cm™3. The breakdown voltage was determined by a
wide-band material to be Ug = 21—-24V at the temperature
T =296K and 18—20V at 77 K. The electric field strength
was equal to E = 3.5 - 10° V/cm. The significant multiplica-
tion was already observed at Ug > 6 V. The maximum value
of the multiplication coefficient varied from M = 20—30
at the room temperature to M = 100—400 at T = 78K.
When illuminating by monochromatic radiation with the
wavelength of 12 =1.5-2.1um through the p*-GaSb
covering layer, the multiplication coefficient increased with

increase in the wavelength. The space charge region was
in the narrow-gap GaAl(As)Sb absorption region near the
interface of the p™—N-junction provided that the impact
ionization is implemented by the carriers with a higher
coefficient of impact ionization. The spectral characteristic
of the studied SAM APD is shown on Fig. 9 [63] at the
reverse bias within the range from zero to —20V.

The spectral density of the noise power of the
avalanche multiplication is shown on Fig. 10,a in de-
pendence on the value of the photocurrent S(ln) for
the n-GaSb/n-GalnAsSb/ p-GaAlAsSb heterostructure. This
dependence was experimentally determined by means of a
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Figure 10. Dependences of the spectral density of noise
power on the photocurrent (a), and dependences of the ex-
cessive noise factor on the multiplication coefficient (b) for the
GaSb/GalnAsSb/GaAlAsSb APDs. Dots — the experimental
data [64], the curves (b) — the calculation results for different
values k = 8/a [12].
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Table 2. Parameters of the three types of APD based on the GalnAsSb/AlGa(As)Sb heterostructure, which differ in a design of the
structure and a composition of the absorption and multiplication regions [63]

APD y
F(M = 10) Bla
Absorption region Multiplication region (F ~MY)
Ing.20Gag.78 Asp.18Sbo.g2 N-Ing 22 Gag.78 Aso.18Sbo.s2 0.5 32 7
p-Alo.32Gag.66 As0.0145bo.986
Ing.2Gag 78 Aso.18Sbo 82 N—p-Alp.34Gag, 66 AS0.0145b0.986 0.7 5.0 3
Ing.20Gag.78 Asp.18Sbo.g2 N-Gag.96 Alo.04Sb/ P-Alg.34Gag. 66 As0.014Sbo.986 0.2 1.6 60

noise generator at the frequency of f = 3 MHz within the
frequency band Af = 0.3 MHz [64,67]. The measurements
were carried out when the studied structure was affected by
radiation of the semiconductor laser with the wavelength
of A =2pm and without the irradiation. In doing so,
no correlation was supposed to be between noises of
the dark current and the photocurrent. In general, the
spectral noise density was determined by the formula (10).
The experimentally obtained dependence S(l,n) was well
expressed as

S = 2el phoMy, (22)

where M = |/l ,n0, while the value of the avalanche-
initiating photocurrent (l,40) was determined by a point of
,oreak” of the dependence.

Fig. 10,5 shows the calculated dependences of the
excessive noise coefficient on the multiplication coeffi-
cient F(M) for various values of the ratio of the ionization
coefficients k = f/a from the paper [12]. In the same
figure the experimental data for the APD samples based
on the GalnAsSb/AlGa(As)Sb heterostructure from the
paper [64] are represented by the open circles. The best
agreement of the theoretical and experimental results is
achieved at k =~ 6—7. The noise coefficient value in the
p—N-structure of GalnAsSb/AlGa(As)Sb was F(M) = 3.2
at M = 10.

Table 2 shows data which characterize the absorption and
multiplication regions, the value of the excessive noise fac-
tor, as well as the ratio of the ionization coefficients for the
three types of APDs based on the GalnAsSb/AlGa(As)Sb
structure grown and studied by us. It is clear that the
lowest noise factor (F = 1.6) was achieved in the sepa-
rate absorption and multiplication avalanche photodiodes.
For comparison, Table 3 shows the values of the ratio
of the ionization coefficients and the noise factor for
a number of APDs based on various materials as per
reference data.

The studied effect of practically monopolarity multiplica-
tion of charge carriers allows increasing the generation rate
of the electron-hole pairs by hot charge carriers, too. In
the narrow-gap solid solution, the drift time of the carriers
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Table 3. Ratio of the ionization coefficients k = f/@ and the
excessive noise factor F(M) for the avalanche photodiodes based
on the various semiconductor compounds at the room temperature
and at 77K (specified)

Material k=pB/a| F(M=10) |References
Gao,47lno,53As/InP (100) 2-3 33 [17,67}
InGaAsP/InP (100) 03 35 [17,68]
GaAlAs/GaAs (100) 1 59 [8,18,609]
Gay.72Alp.23Sb/GaSb (100) 2 5 [53]
GavosAloAgssb/GaSb (1 1 1) 16 1.2 [55]
GaSb (111) 100 |19 (T=77K) [17]
InAs 20—-50 | 1.1 (T=77K) [49]

Ge 2 7 [70]
Si (111) 002 | 5(M=100) [70]

through the space charge region (7;) is expressed as [12,71]
/5 = B(E)Va(E), (23)

where Vg — the drift velocity of the holes at the
field E =2-10*V/em. Hence, using the experimentally
measured value of the ionization coefficient of holes
B(E) =2-10*cm™! [64] and V4 ~ 5-10°cm/s, we find a
quite reasonable value 1/7 ~ 10! s™1,

Previously, we had obtained data of measurement of
the excessive noise factor in APD based on the solid
solutions of another composition, which is different from
the ,resonance” one. The avalanche multiplication and the
field dependences of the ionization coefficients were studied
in the structure based on the GagglngAsy.17Sbg g3 solid
solution also grown on the GaSb substrate with the (111)
orientation [16]. This structure has the value of the spin-
orbit splitting somewhat shifted from the ,resonance” value,
but the holes still contribute a lot to the process of impact
ionization. Furthermore, the band structure in the (111)
direction was also modified: in this solid solution the
L-valley is located above the minimum of the I'-valley by
the value A > 0.7 eV, which exceeds the threshold energy
of electrons ¢je ~ 0.62¢eV. At the same time, there is no
scattering of the ,heavy” electrons into the L-valley. That
is why for APD based on this solid solution there was



2042

M.P. Mikhailova, A.P. Dmitriev, I.A. Andreev, E.V. Ivanov, E.V. Kunitsyna, Yu.P. Yakovlev

a lower value of the ionization coefficient of holes and
a somewhat higher value of the ionization coefficient of
electrons in comparison with GaSb (in the studied solid
solution @ > 10* cm~!, whereas in GaSb a ~ 10°cm~! in
the same electric field). As a result, the value of the noise
factor as found from the experimental data was F(M) = 3.2
at M = 10.

Note that in recent studies of foreign researchers,
which are devoted to low-noise APDs based on the
AllnAsSb/GaSb and AlGaAs/GaAs heterostructures for the
spectral range 1—1.3 um [72-74], the ratio of the ionization
coefficients of electrons and holes k = /a, as well as
the field dependences of the parameters @ and S were
calculated by the Monte-Carlo method without taking into
account a real band structure of the materials, but using
the experimental data for the p—n-homojunctions [72].
This approach results in clearly overestimated results in
comparison with silicon APDs.

7. Sensitivity threshold of the
optoelectronic receiving module with
the avalanche photodiode based
on GalnAsSb/GaAl(As)Sb with
separated regions of absorption
and multiplication

The threshold sensitivity of the receiving optoelec-
tronic modules for high-speed FOCLs, which apply the
p—i—n-APDs for the near-infrared range 1.3—1.55um
based on the GalnAs/InP and germanium semiconductor
compounds has been studied in the paper [75]. Advancing
to the mid-infrared range is important to improve the
sensitivity of the receiving modules and to increase the
distance between the transponders. The high threshold
sensitivity of this module can be achieved only by the
big asymmetry of the ionization coefficients of the charge
carriers in the APD used. The formula for calculation of the
minimum power detected by the digital receiving module
was deduced in [76]:

n(Papp) = A[((i2))"?/M + eQF (M)IB], (24)

where n — the efficiency of transforming the incident
optical power P to the electrical signal current, which
takes into account the quantum efficiency of the detector,
A= Q/(hc/el), h — the Planck constant, ¢ — the speed
of light, (i2) — the average value of a squared noise current
of the detector and the receiver, || — the Personic integral,
whose value is 0.5 for rectangular pulses, B — bit rate, Q —
the dimensionless parameter determining the probability of
error in the digital signal (bit error rate, BER). In particular,
the error probability BER = 10~ corresponds to the value
Q=6.

As the excessive noise factor F(M) is a rising function
of the average value of the multiplication coefficient (M),
the optical signal power required to obtain the receiver

sensitivity equal to n{Papp), decreases proportionally to
(M), provided that this value is small. At the same time, a
noticeable increase in the multiplication coefficient M results
in increase in the noise factor F(M), thereby increasing
the second term in the formula (24), so it becomes a
dominant one. As a result, the quantum efficiency n(Papp)
starts rising. That is why there is an optimal value of
the multiplication value Mgy, at which the value of the
recorded power 1{Papp) is the smallest, which corresponds
to the maximum sensitivity for this value of the ratio of
the coefficients of impact ionization kK = 8/« and the noise
current of a preamplifier.

The minimum sensitivity of the receiving optoelectronic
module with the GalnAsSb/GaAl(As)Sb-based SAM SPD
was calculated and experimentally determined by us under
effect of radiation of the solid-state lasers which generate in
the spectral range 2.06—2.09 um [63,77].

Using the formula (24), we have calculated the depen-
dence of the threshold optical power on the multiplication
coefficient for our APD based on a GalnAsSb/GaAl(As)Sb
structure with separate absorption and multiplication re-
gions, which was grown on the GaSb (111) substrate,
under the influence of the monochromatic radiation with
the wavelength 1 =2.1um. The obtained result was
compared with the threshold sensitivity of the standard
germanium APD under the effect of radiation with the
wavelength of 1.5um. These data are shown in Fig. 11.
The calculations were carried out to suppose that the ADP
is connected to a transimpedance preamplifier, which is
characterized by the following parameters: the transmis-
sion coefficient gr =40mS, the total input capacitance
Ct = L.5pF, the feedback resistance Rrg = 750 kOhm, the
data rate B = 500 Mb/s. In doing so, for SAM APD based
on the GalnAsSb/GaAl(As)Sb heterostructure a diameter of
the sensitive area was equal to 200 um, while the value of
the | —W sensitivity in the maximum of the spectral charac-
teristic at the wavelength 2.1 yum was 1.1 A/W. Note that for
SAM APD the calculation used the value k = 8/a = 60
(the case of predominant ionization by holes), and for
the Ge-APD it was supposed that k=p8/a =2 [70].
As a result, the receiving module based on SAM APD
had a minimum calculated level of the detected power
n{(Papp) = —43.2dBm at Mopt = 34-39. As it is clear
from Fig. 11, this value is close to the minimum value
of sensitivity for the Ge-photodiode, which is —41.8 dBm
at Mop: = 10.  Thus, the SAM APD developed in loffe
Institute has a higher ratio of the ionization coefficients and
significantly lower values of the spectral noise density than
the germanium APD [63].

Our optoelectronic receiving module with SAM APD
was tested by irradiation of the YLF:Ho (41=2.06um)
and YAG-Cr, Tm:Ho solid-state lasers (1 = 2.09 um) with
the pulse duration of 10ns [77).  Taking into ac-
count spectral and noise characteristics for the receiving
optoelectronic module with SAM APD based on the
GalnAsSb/GaAl(As)Sb heterostructure, we have obtained
the threshold energy of the laser pulse E =6.2-1071¢J

Semiconductors, 2022, Vol. 56, No. 13



Monopolarity of hot charge carrier multiplication in A"BV...

2043

=30

N<Pppp>, dBm

45 L l L l L l L l

0 20 40 60 80 100
M

Figure 11. Dependences of the minimum detected power on the
multiplication coefficient for the optoelectronic receiving module
with two different APDs: 1 — Ge-APD (1 = 1.55um) [70], 2 —
SAM APD based on the GalnAsSb/GaAl(As)Sb heterostructure
(A =2.1um) [63].

(A =2.06—2.09 um). For the receiving module with the
Ge-APD, the minimum detected pulse energy as experimen-
tally measured, was E = 1.5- 10713 J (1 = 1.54 um). These
results show promising nature of using SAM APDs based
on the GalnAsSb/GaAl(As)Sb solid solutions for detecting
the pulse laser signals within the range of the wavelength
2—3 um [15,19,78].

The threshold sensitivity of the receiving optoelectronic
module with SAM APD based on the GaAlAsSb/GalnAsSb
structure for the wavelength 1 = 2.5um was calculated
in [79]. In doing so, the authors have used the ex-
perimental data of our study [55]. The calculations
were carried out within the temperature range 190—300K
for the two orientations of the electric field — (111)
and (100). The following values of minimum detected
powers were obtained at the temperature T = 190K along
the (111) direction: n{Papp) = —50.5 dBm for the data rate
B = 0.66 Gb/s and —46.4dBm for B = 2 Gb/s. According
to the calculation, at B = 0.66Gb/s and T = 190K the
noise factor was F(M) = 2.8 for the (111) direction and
F(M) =4.0 for the (100) direction. The values of the
optimal multiplication coefficient were then My, = 94 and
52, respectively. At the room temperature and B = 2 Gb/s,
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the minimum detected power was n(Papp) = —41.6 dBm
for the (111) orientation and n(Papp) = —40.5dBm for
the (100) orientation. The respective values of the excessive
noise factor were F(M) = 2.4 at My =47 and F(M) =3
at Moy = 28. These data correlate well with the results of
our study [63].

For comparison, we give results of the latest studies of
Japanese researchers, who were involved in creating high-
speed APDs based on the InGaAs/InAlGaAs/InAlAs struc-
ture for FOCLs and studied influence of the excessive noise
on the threshold sensitivity of the optoelectronic receiving
module for the range of the wavelengths 0.8—1.3 um [80].
At the measured values of the multiplication coefficient
M =1.5—4.5 and the design ratio of the ionization co-
efficients a/f = 0.05—0.3 for the data rate B = 106 Gb/s
and the error probability BER = 2.4-10~* the minimum
threshold sensitivity of the receiving module was at the
level of —13.81 dBm. These results are significantly inferior
to respective characteristics for the germanium APD and
for our SAM APD based on the GalnAsSb/GaAl(As)Sb
heterostructure (see Fig. 11).

8. Conclusion

The paper presents results of many years of theoretical
and experimental studies of the processes of impact ioniza-
tion and heating of the charge carriers at electric field in
the A"BY semiconductors, as performed in Ioffe Institute.
These pioneer studies allowed establishing a relation of
the processes of impact ionization with the features of the
band structure of the InAs, InSb, GaAs, GaSb, InP, AISb
semiconductors and their solid solutions and explaining the
results of many experimental studies of the coefficients of
impact ionization of the charge carriers, which have been
carried out both by Russian and foreign scientists. It is
shown that the transformation of the band structure due
to the changing the composition of the solid solutions, the
temperature, as well as the crystal orientation in the electric
field opens up the possibility of controlling the ratio of
the ionization coefficients of the charge carriers and lets
choosing the optimal parameters of the materials in order
to create the avalanche diodes with high amplification and a
low level of excessive noise.

The high-energy asymptotics of the distribution function
of the charge carriers in the semiconductors of the GaAs,
InP type in the high electric field has been analytically
calculated and the field dependence of the coefficient of
impact ionization of electrons has been obtained. It is
shown that when changing the orientation of the electric
field in the crystal, the anisotropy of the energy spectrum of
electrons in the conductivity band results in the anisotropy
of the distribution function and the coefficients of impact
ionization.

The importance of the subsidiary X- and L-valleys has
been shown for the processes of impact ionization by
electrons in the semiconductors and it has established
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a relation of the characteristic fields Egy;, Egp in the
expressions for the ionization coefficients to parameters of
the semiconductor material and to the constants of the
intervalley interaction for scattering between the valleys
I'-X, X—X and I'-L. A method has been suggested to
determine these constants from the field dependences of the
ionization coefficients of electrons in the A""BY multi-valley
semiconductors. Based on the experimental data obtained
for the GaAs, InP, AlGaSb semiconductor and their solid
solutions, values of the constants Erx and ZExx have been
found and they agree well with the calculation results.

It has been found experimentally and confirmed by the
theoretical estimations that in the semiconductors of the
InAs, GaSb type and in their solid solutions, in which there
is band ,resonance” phenomenon ie. the closeness of the
band gap value and the value of the spin-orbit splitting of the
valence band (Eg ~ A), the processes of impact ionization
and Auger-recombination are mainly contributed by holes
from the spin-orbit split-off band, whose threshold of direct
ionization has the lowest value (g =~ A) and which can
start the ionization from the zero kinetic energy.

It is established that in the materials based on GaSb
and its solid solutions, whose band structure combines
two features — the band ,resonance phenomenon and
the presence of subsidiary low-lying L-valley within the
conductivity band along the (111) direction, pumping out
the ,heavy“ electrons from the I'-valley, the maximum
ratio of the ionization coefficients can be achieved due to
practically monopolarity multiplication of holes with the
low threshold energy from the spin-orbit split-off band
(fih ~ A Eg).

It was presented an experimental prototype of
the high-speed avalanche photodiode based on the
GalnAsSb/AlGaAsSb heterostructure with separated regions
of absorption and multiplication in the system of the
GaSb—InAs—AISb solid solutions, which is grown on the
n-GaSb (111) substrate, with the high ratio of the ionization
coefficients of holes and electrons, which is characterized
by the lowest level of excessive noise F(M) = 1.6 and the
high response rate 1/7; ~ 2 - 10! s~1

Thus, the experimental and theoretical studies devoted
to investigating the relation of the ionization coefficients
to the features of the band structure of the semiconductor
materials, which have been carried out in loffe Institute,
are a qualitative jump in understanding the physics of the
avalanche photodiodes. It allowed formulating a funda-
mental physical approach to creating practically noiseless
avalanche photodiode based on the A"'BY semiconductors.
They are promising for application as included in the
high-sensitive optoelectronic recieving modules in the high-
frequency telecommunication lines, laser range finding, free
space location, gas analysis and environmental monitoring,
as well as for single-photon detection of weak signals of the
solid-state lasers in the near- and mid-infrared regions of the
spectrum.
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