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The threshold energy and scattering rate for impact ionization in Al Ga, _ Sb have been
calcelated for compositions x near the value where the spin-orbit-split gap A equals the band
gap E,. We have found that a minimum in the threshold energy for impact ionization near the
A = E, composition cannot explain the enhancement of the hole ionization coefficient,
although it has been proposed as a possible mechanism. Rather, an increased scattering rate is
responsible for this enhancement. It is caused by a minimum change of momentum in the hole

ionization near the threshold and the mixing of an s-like state into the valence-like state
induced by a composition disorder in this ternary compound. Our results indicate that the
maximum hole ionization coefficient will occur at a composition x that lies between zero and

the composition at which A = E,.

L INTRODUCTION

Avalanche photodiodes ( APDs) based on InGaAs/InP
material are widely used in {.3-1.55 gm lightwave commu-
nication systems. Unfortunately, they show poor noise per-
formance because the ratio of the hole ionization coeflicient
to the electron ionization coefficient, X = 8 /o, is about 2 in
InP. Optimal performance, as is well known, is achieved
with & = 0 or «.! APDs with noise performance as good as
Si APDs, which are used in 0.8 um systems and have typical
values of k~0.02, are desired. Al _Ga, _ Sb which, like
EInGaAs, has a band-gap wavelength lying in the 1.3-1.55
fem range, shows an enhanced hole ionization coefficient and
has very large value of k when the composition x assumes a
particular value.? In principle, this enables AlGaSb/GaSb-
based APDs to achieve a lower excess noise factor, and a
higher gain-bandwidthk product than InGaAs/InP APDs.
Indeed, Kuwatsuka er al’ recently demonstrated an
AlGaSb/GaSb APD with a gain-bandwidth product of 90
GHz, which is the largest ever reported for long-wavelength
APDs.

The resonant enhancement of the hole ionization coeffi-
cient in Al Ga, _ Sb, near the composition x = x, = 0.065
where the spin-orbit splitting A equals the band gap E,, was
first demonstrated experimentally by Hildebrand et al.* Vér-
ié et al.* demonstrated a similar effect in the Hg, Cd, ,Te
system. However, the underlying explanation of the reso-
nant enhancement has been controversial. Hildebrand ez al.
suggested that 2 minimum in the hole ionization threshold at
the A = E, composition may play an important role in the
resonant enhancement, and even proposed that a new
expression for the impact-ionization coefficient,

ﬁ~exp{_[(EthEg)/qF}” }}a (1)
instead of the Shockley lucky drift formula,’
Bexp| — (Eq/qFA) ], (2)

might be able to explain the resonant effect, where E,,, is the
threshold energy, £'is the electrical field, and A is the carrier
mean free path. Kasemset® criticized this explanation, point-
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ing out that Eq. (1) is unphysical, and fitted the experimen-
tal data to the Shockley Iucky drift formula with hole mean
free path as long as 490 A, suggesting that the long hole mean
free path may provide the explanation of the enhancement.
Capasso’ suggested that the hole ionization rate may be en-
hanced principalily by the fact that only a very small momen-
tum, Ak = &, — k., need be exchanged in the impact-ioniza-
tion collision for an initial spin-spiit hole of momentum %,
near the threshold for x near x,, to a final state of momentum
k because the long-range nature of the Coulomb interaction
leads the impact-ionization collision cross-section to be pro-
portional to 1/Ak *. But this reasoning cannot explain why in
the Al ,Ga,_, Sb ternary system the hole ionization de-
creases when x decreases from x, to 0, because Ak = Qat the
threshold when x decreases from x, to 0.

Brennan et al.® have performed a Monte Carlo simula-
tion of the hole ionization in Al, Ga, _ ,Sb for compositions
x in which A is equal to or smaller than £, . They find that in
order to fit the hole ionization data at x near the value of x,
obtained in Ref. 2, a very large value of the impact-ionization
scattering rate must be assumed near the bottom of the split-
off band. They also find that the minimum in the hole ioniza-
tion threshold at the A = E, composition accounts for only a
smali part of the resonant enhancement of the hole ioniza-
tion coefficient. However, they do not provide an explana-
tion of why the impact-ionization cross section takes on such
a large value.

The ionization coefficient 1s determined both by the pos-
sibility that a carrier can initiate impact ionization (or im-
pact-ionization scattering rate), and by the distribution of
the carriers that can participate in the ionization interaction;
this distribution is determined by the ionization threshold
energy. Usually, most of the impact ionizations are initiated
by carriers at or just above the threshold. The threshold and
the scattering rate are very important in determining the
impact-ionization rate of a material.

We calculated the ionization threshold energies for elec-
trons and holes, and the hole ionization scattering rate, in the
Al,Ga, _,Sb system for compositions x near the resonant
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composition. The result of the threshold calculation is pre-
sented in Sec. II. Section III provides the results of the scat-
tering-rate calculation. We find that Ak = 0 at threshold, by
itself, is not the reason for the enhancement of the hole ioni-
zation; furthermore, Ak = 0 at threshold and the mixing of
the s-like state into the valence-band state induced by a com-
position disorder in the ternary alloy, enhance the ionization
scattering rate. This in turn, causes the enhancement of the
hole ionization coefficient.

ih. IMPACT IONIZATION THRESHOLD ENERGY

Unlike AlGaAs, AlGaSh (and a few other Sb-related
compound semiconductors) have a very large spin-orbit-
split gap. The GaSb band structure has A > E,. AlSb has
A <E (T point). As x increases from 0 to 1, the value of A
for Al,Ga, _ , Sb decreases slowly from 0.8 to 0.75 eV while
E, increases from 0.73 to 2.22 ¢V at the [' point. For
Al Ga, _,Sb, A=E, at x=x,=0065, A>E, for
O<x<xy, and A < E, for x,<x<1.

Cur calculation of the GaSb and AlSb band structures is
based on the kep method.® The parameters used are from the
Handbook of Electronic Materials'® except that the band gap
of GaSb is chosen to be 0.726 eV. The energy bands for
Al Ga, _8b are obtained from a linear interpclation
between those of GaSh and AlSb.

FIG. 1. Spilit-off hole-initiated impact-ionization process.
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With the parameters we use, the composition at which
the band gap equals the split-off energy is x, = 0.049 instead
of the more precisely calculated value of 0.065 reported in
Ref. 2. But this value does not affect the thecretical calcula-
tion that explains the enhancement of the hole ionization
coefficient.

The threshold energy is the lowest energy that a carrier
must have to initiate an impact ionization while conserving
energy and momentum. Figure 1 shows a split-off hole initi-
ated impact-ionization. The split-off hole with momentum
k, is scattered to a new heavy-hole state of momentum £ |,
creating an electron-hoie pair with momentum 4, and & 3.
The discussion below holds for both electron- and haole-initi-
ated impact icnization.

In the process both momentum and energy are con-
served:

k, =ki +k —ky, (3)

Using the Lagrange multiplier method, we can obtain from
(3) and (4) at the threshold,

Vk;Ei‘ (k; } = szEz(kz) = vkéEz’ (ké )3 (5)

which is sometimes called Anderson and Crowell criteria'’
and is useful for numerical calculation. We must keep in
mind that the validity of Eq. (5) depends on the continuity
of the energy bands, which is not satisfied at the band edges.
The hole ionization threshold energy calculation in Ref. 6
does not account for the invalidity of Eq. (5) at band edges,
leading to an invalid calculation of the threshold energy.
We calculated the ionization threshold energies of
Al Ga, . Sb for x<0.2. For Al Ga,_,Sb with x> 0.025,
there is no electron ionization threshold in the (111} direc-
tion. The phenomenon that causes a reduction of the elec-
tron ionizations in the (111) direction, was first found in
GaAs.'? The electron ionization energies in (100) direction
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FIG. 2. Threshold energy of impact ionization in AlGaSh.
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FIG. 3. Hole initiated impact-ionization scattering diagram.

are higher than those reported in Ref. 2, which were calcu-
lated based on the assumption of the parabolic bands.

The spin-orbit split-off-hole initiated impact ionization
achieves a much lower threshold energy than does the light-
hole or the heavy-hole initiated impact ionization. For
AZE,, or x<x,, the threshold of the split-off hole is at the
edge of the split-off band,

E, =A and &, =0. (€)

§

(2,2|H,|L1)

il

12
:J‘d"rl 4 rgf ()8 (1) Z

2
__,fze_z g s K]
eV S pitg

Vf(P +q)

For A < E_, or x> x,, the threshold occurs higher than the
edge of the split-off band.

From Fig. 2 we see that the hole threshold energy is just
a little smaller at x = x;, = 0.049, where A = E, than at
x = where A > E_. That small change in threshold energy
from x = 0 to x = x, is not significant enough to explain the
farge change in the hole ionization coefficient.

it HOLE IMPACY IONIZATION SCATTERING RATE

For convenience in discussing hole-initiated impact ion-
ization scattering, in Fig. 3 we represent the initiating hoie
and ionized electron with incoming arrows in the manner of
a Feynman diagram. For an incident split-off hole of wave
vector k, and spin 5, which is scattered to state k| with spin
55, and creates electron-hole pair with wave vectors k, .k},

and spins s,,55, as shown in Fig. 1, the ionization rate 1/7
13-13

is
1
—-(E)23 3 3 T erEiLnp
T 5t kst Kas2 kish
X8E +E] —E,—E}}, (7
where
H = IJ‘d Spd ¥ W)Y (r) o
12
X¥(r YW¥(r), (8)
and with

Fp=rg =1,
The dielectric constant is ¢, the screening parameteris ¢,'® ¥
is the volume of the semiconductor, H, is the Coulomb inter-
action Hamiltonian, and ¥ are the electron field operators.
Ignoring the exchange term,

r 3 e2 e U 1aT
E d Fy d3r2¢;f{s{ (rg)(bzs< (rg) “’6"“ T—“’ ¢k,s, (rl)gbkz.vz (1'2)
J 3

P ¢km (ry) s, (72)

Moy (o8, K5 85)6 5

k; ok k- pki’ (9)

where ¢, 0, 4, and { represent the conduction band, orbit-spin split-off band, heavy-hole band, and light-hole band, respective-
ty. Here @, represent the electron states with momentum & and spin s, and

¢k,s (r) =e ﬂ(ruk,x (r)’

with periodic part u,,.

I, (ksKs') = g A3t (Dt (7).

<81

(10)

(11)

€} is the volume of a unit cell. If we define the overlap function as

G, (kK') = 3 11, (ksKs) P
then (7) becomes
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1 (_gﬂ'_) dk; dp’ (41’.’(32)2 1
T # @2mt Qry\ e J (PP +¢)
X&{E, +E{ —-E, —E}).

G, (ki Kk +p)G,, (kyk; — p)

(13)

Here wetake ¥ to the limit of infinity. Although the integrations in Eq. (13) appear to be over the entire momentum space, the
actual integrations are limited by the § function, which reflects the conservation of energy.

A. Scaitering rate without composition disorder
enhancement

From Kane’s model,!” the Bloch functions can be ex-
pressed in terms of an s-like atomic state [S] and p-iike
atomic states [X], { Y], and [Z]. Using the same symbols
that Kane uses, with the arrows representing the spins,

Upo = (X +INTINZ, w=[(X—iVN

o = iSI) + b, [(X —i¥NV/2 + ¢, [21],  (14)

=, [iS1]1+ b, — (X +iDA2 + ¢ {Z1],
where i == ¢, I, ¢, and

a;, = kP(E| 4+ 2A/3)/N,

b, = (V2A/3)(E| — E,}/N,

¢; = (E| +20/3)(E} — E,)/N,

where P is the value of the momentum matrix element, and
£ ! are the roots of

(15)

E'E'—E)(E'+ A) — (kPYX(E' +24/3) =0.
(16)

Therefore,
b,(k) 4 C; (k)
2 V2

I, (ke ka)= — ( ) sin @ sin %, (inh

b, (k (%
I, (kak'8)= — (-—'—(——)—}» cit _))sinecosﬁ,
2 2 2
(18}
and the overiap functions
Gy (kk) =1 [ b, (k)2 + ¢, (k) | sin®6, (19)
Gy(kK') = [afa, + (5%, + c¥e;)cos § 12
2
+ -2%— (—\-}—; b¥b, — b — cjﬁ"bj> sin? 8, (20)
V2

where 8 is the angle between k and &',

Without simplification, it is difficult to calculate the
sixth order integration in Eq. (13). If we assume that the
bands are parabolic, we can analytically carry out ail but one
of the angular integrations in Eq. (13) and obtain an expres-
sion with a triple integral, which can be calculated numeri-
cally. Because the assumption of parabolic bands is only sat-
isfactory for states near the band edges we can calculate,
with acceptable accuracy, only the scattering rates involving
states near the band edges. The calculation for x, when it lies
between O and just over xg, is within this limitation. The
resuit is shown in Fig. 4.
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The value of g is very smali, almost zero, in this case. For
0<x<xy, the threshold is at the split-off band edge, and
Ak =0, and the denominator [(Ak)? + ¢°]% of the inte-
grand in Eq. (13} is at the minimum and is almost zero at the
threshold. However, if no other factors are involved, the in-
tegrand is zero nevertheless because the overlap function is
zero at Ak = 0. That leads to a scattering rate of zero at
threshold. This means that most of the hole impact ioniza-
tions are not initiated near the threshold. This may also be
described in terms of the effective threshold energy being
higher than the threshold energy determined by energy and
momentum conservation.’

Beside the overlap function being zero, the density of the
final states of scattering by an initiating hole near the thresh-
old in Al Ga, _,Sb with x =0 is larger than that with
x = X, In other words, the integration volume for the inte-
gral of Eq. (13) is larger for x = 0 than for x = x,. That is
why the scattering rate decreases as x increases from x = Oto
x = x4 in Fig. 4. This result conflicts with the experimental
hole ionization coefficient enhancement. Thus, the band-
structure feature A = £, cannot by itself explain the en-
hancement. It is clear that the fact that Ak = G for composi-
tion A>E, cannot alone explain the enhancement of the
scattering rate.

For compositions where x > xo, E, > A and the scatter-
ing rate is smafl and increases with E| slowly, because
Ak == 0 no longer holds at threshold.
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FIG. 4. Hole initiated impaci-ionization scatiering rate without composi-
tion disorder-induced enhancement.
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B. Scattering rate with composition disorder
enhancement

In the study of the lasing properties of II-V compound
semiconductors for long wavelength lasers, AlGaSb has
been found to have a very large Auger recombination rate. In
explaining the enhancement of the Auger recombination in
ternary compounds, Takeshima'® pointed out that the en-
hancement is caused by the composition disorder induced
mixing of an s-like state into the valence-band state. Because
impact ionization is the reverse process of Auger recombina-
tion, it should also be enhanced by the same mechanism,

To some degree, this order destroys the orthogonality of
the wave functions of the original system. In fiber optics, this
order induces mode mixing. In semiconductors, this order
induces mixing among electron energy bands.

A detailed discussion of composition disorder induced
band mixing can be found in Chadi’s work.’ In a ternary
compound A, B, ,C, A atoms and B atoms are distributed
randomly over the anion (cation) sites; therefore, the elec-
trons in the crystal see random variation of the potential at
the anion (cation) sites over the average periodic potential.
The variation in the potential, which is a perturbation to the
periodic potential,’® induces the mixing of an s-like state
with the valence state. Assuming that the perturbation po-
tential is U(r), with / and » representing the band index, we
have

(Ik'| U]nk) = U, 8> (21)
to first order,
Lf
(n (o) (0) In
k= P + —_————, (22)
CEO Y I S — B
uil) - 3] + z u;O) U{n (23)
nk nk ~, k En(k) _ E,(k) s
IO (kK) =15 (kK), (24)
) u..a,
FO(k K ~I‘O’ kk') + — I‘O’ k'),
ok ) { )+ RIS (
(25)

where the unperturbed terms are those given in last section.
The overlap functions

GL(kk) =GP (kK), (26)
GPE) =GP kK) + 9GO kK), (27)
where
U 2
yz(__ﬂf_[’ﬁ__), (28)
E (Eg +A)

The guantity ¥ can be calculated as in Refs. 18 and 19.

Because of the composition disorder, the overlap func-
tion is no longer zero at Ak = 0. Thus, together with the fact
that Ak = Oat threshold for x <x,, greatly enhances the scat-
tering rate.

The calculated resuit is shown in Fig. 5. It is clear that
the impact ionization scattering rate near threshold for
0 < x<x, is greatly enhanced. The enhancement decreases as
x approaches zerc and the A = E, composition. For x =0
the mixing is zero, and the overlap function is zeroat Ak = 0
and the integral of Eq. (13) is small. As x increases, the
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FIG. 5. Hole initiated impact-ionization scattering rate with composition
disorder-induced enhancement.

overlap function increases at Ak = 0. Because the denomi-
nator of the integrand is nearly zerc at Ak = C, the integrand
is very large and nearly infinity, although x is small and there
is just a small amount of band mixing. This leads to large
enhancement of the scattering rate as x increases from 0. As
shown in Fig. 5, the scattering rate #/7 at threshold for
x = 0.25is about 107* ¢V comparing to 0 of the result in last
section. However as x increases to x; the density of the final
states of the impact ionization with Ak = 0 decreases, as we
discussed in the last section, so that the scattering rate de-
creases, despite the overlap function increases. This means
that the maximum hole ionization coefficient will occur for x
between 0 and x,, but not at x, as suggested in Ref, 2.

Y. CONCLUSION

The enhancement of the hole impact ionization coeffi-
cient near the A = E, composition can be explained by the
enhancement of the ionization scattering rate, as is shown in
the Monte Carlo simulation.® The enhancement of the scat-
tering rate is obtained by virtue of the fact that Ak =0 at
threshold and the mixing of the s-like state into the valence
state induced by the composition disorder in ternary com-
pounds. The calculated result indicates that the maximum
hole ionization coefficient should occur for x between zero
and the A = E, composition. Our result is consistent with
the conclusions drawn from the Monte Carlo simulation.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation through the Center for Telecommunications Re-
search and by the Joint Service Electronics Program. We are
grateful to F. Capasso for useful comments.

'R. J. Mcintyre, IEEE Trans. Electron Devices ED-13, 164 (1966).
0. Hildebrand, W. Kuebart, and M. Pilkuhn, Appl. Phys. Lett. 37, 801

Jiang, Teich, and Wang 2492

Downloaded 27 Jan 2002 to 168.122.159.57. Redistribution subject to AIP license or copyright, see http://ojps.aip. org/JapO/Japcr jsp




(1986); O. Hildebrand, W. Kuebart, K. Benz, and M. Pilkuhn, IEEE J.
Quantum Electron. QE-17, 284 (1981).

*H. Kuwatsuka, T. Mikaws, S. Miura, N. Yasuoka, T. Tanahashi, and O.
Wada, Presented at the 16th International Symposium on Gallium Arsen-
ide and Related Compounds, Karuizawa, Japan, 1989, paper B4-5.

*C. Vérié, F. Raymond, F. Besson, and D. Nguyen, J. Cryst. Growth 59,
342 (1982).

SW. Shockley, Solid-State Electron. 2, 35 (1961).

°D. Kasemset, IEEE J. Quantum Electron. QE-17, 1595 (1981).

'F. Capasso, in Semiconductors and Semimetals, edited by R. K. Willard-
son and A. C. Beer { Academic, New York, 1985), Vol. 22, Part D, Chap.
i.

*K. Brennan, K. Hess, and Y. Chang, J. Appl. Phys. 57, 1971 {1985).

YM. Cardona and F. Pollak, Phys. Rev. 142, 530 {1966); F. Pollak and M,
Cardona, J. Phys. Chem. Solids 27, 423 (1966); C. Higginbotham, F. Pol-
lak, and M. Cardona, in Proceedings of the International Conference on

2483 J. Appl. Phys,, Vol. 67, No. 5, 1 March 1890

the Physics of Semiconductors, Kyoto, 1966 [J. Phys. Jpn. Suppl, 21
{1966} 1.

oM. Neuberger, Hondbaok of Electronic Material (Plenum, New York,
1971), Vol. 2, pp. 7-12.

'€, L. Anderson and C. R. Crowell, Phys. Rev. B §, 2267 (1972).

2T, P. Pearsall, F. Capasso, R. E. Nahory, M. A. Pollack, and . R. Cheli-
kowski, Solid-State Electron. 21, 297 (1981).

13, P. Mikhailova, A. A. Rogachev, and I. N. Yassievich, Sov. Phys. Semi-
cond. 18, 866 (1976).

YE. 0. Kane, Phys. Rev. 158, 624 (1967).

138, L. Chuang and K. Hess, J. Appl. Phys. 59, 2885 (1986).

16§, M. Ziman, Principles of the Theory of Solids, 2nd ed. {Cambridge Uni-
versity, Cambridge, 1972), Sec. 5.2.

'7E. 0. Kane, I. Phys. Chem. Solids 1, 249 (1957).

M. Takeshima, J. Appl. Phys. 49, 6118 (1978).

1, I Chadi, Phys. Rev. B 16, 790 (1977).

Jiang, Teich, and Wang 2493




