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valanche multiplication in photodiode structures using GainAsSb
solid solutions
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The first successes in the develecpment of optical

The maximum electric field at a zero voliage was Egy =
pers for the IR part of the spectrum?:? (2-4 um),

2.3-10* V/em. The current density at reverse volt-
The

ere low losses, 1072-10"3 dB/km, are expected,
imulated the development of light sources?:* and
otodetectorss for this speectral region. In Ref. 5§

slilcomponent GalnAsSb/GaAlAsSb solid solutions.
0f primary interest for applications in optical-fiber
ta transmission systems, however, where the de-

e reported the development of fast photodiodes using

age V=1V was j = (2.8-3.5)-1073 A/cm2.
reverse current at V > J V increased exponentially
with the voltage and, according to our estimates,
was determined by interband tunneling. The break-
down voltage of these structures, defined by an
inverse current of 1073 A, lay in the interval 20-25
Vat T = 286 K and in the interval 30-35 V at T =

tector must be highly sensitive over a wide frequency 78 K.
band, are photodetectors with an internal gain, es-

tecially avalanche photodiodes.

Figure 1 shows the photosensitivity spectrum of
GalnAsSb/GaAlAsSh structures at three temperatures:
296, 196, and 78 K. From the shift of the long-
wavelength edge of the photoresponse, we estimated
the temperature coefficient of the gap width of the
GalnAsSb solid solution. The average result turned
out to be AEE.’AT = 4.1-107* eV/K. In the interval

1.5-2.2 um the quantum efficiency without gain is

0.4-0.6 A/W at 296 K.

In this paper we report a study of avalanche
multiplication of the photocurrent in GalnAsSh struc-

The structures were fabricated by liquid-phase

MNiiepitaxy on n-type -GaSb (111) substrates, doped with
Te 10 a carrier concentration of (5-7)-10'7 cm~3,

The structures were actually double heterostructures,
which a narrow-gap n-Gag, goIn,, 3,48, 175D, 43
active layer (Eg = 0.52 eV at 296 K) is sandwiched
letween a wide-gap n-Ga, ¢Al, TR CPRPPES-1 . PR
buffer layer with a carrier concentration {1-3)-1017
™3 and s wide-gap p-GaAlAsSb layer (the "window")

of the same composition (Eg = 1.1 eV), doped with Ge e
1 a hole concentration of %1-3)-10lg cm” 3. B
; Mesa photodiodes with a working area 300-400 pm 8o}
§ 0 diameter were fabricated from these structures by [
: )hOtolithogr-aphy (Fig. 1a). o ik
i b
- Kt We studied the voltage—capacitance character- ’5‘ L
s Slcs, the inverse branches of the voltage—current < sk
Eharamer-istiCS, the photosensitivity spectrum, and T
e dvalanche multiplication of the photocurrent as ° i
Unetions of the wavelength of the light and the tem- € % &
"fature over the range 78-296 K. The spectra were & |
®asured with an SPM-2 monochromator equipped with Ly T B SVS RS E ALY A
Lip 153 .8 1.6 2.0 235 A, um

Prism, and with the use of a globar light source.

_Aeeording to the C—V measurements, the p—mn

S lons obtained were sharp, with 1/¢?2 -~ V, and

. E"_ ey had a wide space-charge region, which lay for
0_‘“0:551 part in the narrow-gap active region W, =

f i 0% cm. The ecarrier concentration in the nar-

"Bap region was estimated to be (5-7)-101% cm™3.

jﬂnct
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FIG. 1. Photosensitivity spectrum of GalnAsSb/GaAlAsSh diode
structures at 296, 196, and 78 K. Inset a is a diagram of the

photodiede structure. 1, 6) Ohmic contacts; 2) wide-gap p+-
GaAlasSb “window™; 3) narrow-gap n-GalnAsSb active region; &4)
n-GaAlAsSb wide-gap buffer layer (I-Zg = 1.1 eV}; 5) n-GaSb (111}

substrate.
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Figure Za and b, shows the spectrum of the
avalanche multiplication factor versus the reverse
voltage at temperatures .of 296 and 78 K. These
curves were recorded by illuminating photodiode
structures through the wide-gap p-GaAlAsSb layer -
with monochromatie light of varicus wavelengths. We
see from these figures that the multiplication factor,
increases with increasing wavelength of the light ab-
sorbed in the narrow-gap layer. :

The multiplication factor, defined as the ratio .
of the photocurrent multiplied at the given voltage
to the initiating photocurrent, M = Iph(V)lIind(Q), .
depends very strongly on the level of the initial
value of the initiation photocurrent, decreasing as
this current increases (Fig. 2b). The maximum
values of the multiplication factors were M = 10-20
(T =296 K) and M = 50-100 (T = 78 K). In some of
- the diodes we achieved a multiplication factor M =

4-102-2-103 (78 K) at an initiating photocurrent Ing=-

5-107° A and at a wavelength A = 2 um.

It can be seen from Fig. 2 that the multiplica-
tion factor increases with increasing wavelength of the
light. Since the space-charge region lies essentially
entirely in the narrow-gap n-type region, with a
maximum electric field near the interface with the’
wide-gap p-GaAlAsSbh layer, which is illuminated,
this result is evidence of a predominant multiplica~
tion of holes in the n-type region. The ratio of
ionization coefficients was estimated from data on the
multiplication: gle = Mp-, {Mp-,, where the hole
and electron multiplication factors, My and Mp
vespectively, were chosen be equal totheir values

at A = 2 um and A = 1.2 pm, respectively, for the

same electric field (E = 2:10° V/cm). It turns out
that the ratio B/a increases with decreasing tem-= %
perature, changing from 3/a 2z 5 at 296 K to gf/a-z.10
at 78 K. .We regard these as preliminary estimates,
Previous studies of avalanche multiplication and

of the hole and electron ionization coefficients in the
binary compounds InAs and GaSb and also in several

solid sclutions of these compounds (Refs. 6 and. 7 for.

example) have shown that the hole ionization coeffi-
cient is significantly greater than the electron joniza-
tion coefficient because of the particular band struc-

tures of these materials (primarily, the band: "res-i. .

onance" Ezy=a;)v  Specifically, the impact. ionization

is dominated by holes that are from the spin—orbit:"

split valence band.and for which the threshold for im-

pact fonization is at a minimum and is close to ‘ejp’®

Sovi. Tech. Phys. Latt. 13(4), April 1987

- 0.3 e¥).

. ionization by electrons is reduced. At the same

- mates, in the solid solution GalnAsSb it is 4, 5

" are no microscopic plasmas.

diodes, for example, that effect degrades the spees

“ 2L asar Focus 21, No. 12; 98 (December 1985).
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FIG. 2. The charge-carrier multiplication factor in Galaassy,
GaAlAsSb structures versus the reverse voltage for illumi“aticn E
with monochromatic light at one of several wavelengths. a) 7.
296 K; b) T = 78 X. The inset in Fig. 2a shows the dark Clrreny
through the structura versus the photocurrent multiplication
factor at T = 296 K.

Eg z A,. In structures made from GalnAsSh solid
solutions grown on GaSbh substrates with a (113)
orientation, the electron energy at the threshold fo
impact ionization (egje 2 0.32 eV at 2968 K) exceeds
the energy gap between the [ valley and the low-
lying L side valley (according to our estimates, sy
As a result, hot electrons are scattered:
into valley, their mean free path for phonon scat-
tering is reduced, and the probability for impact

time, the spin—orbit splitting 4, in these solid solu
tins is not much greater than Ey (in GaSb, 3, =
0.76 eV; in InAs, it is 0.41 eV; according to esti

0.68 eV) the contribution of heles from this band
thus still be large (for heavy holes, the threshold.
for direct impact ionization is far higher: &jn
ZEg 21 eV).

The plot of the photosignal versus the mul
plication factor is linear over the entire range of
multiplication factors (up to 102-10% at 78 K). Thg
dark current in the voltage interval 10-20 V at 296
and in the interval 20-30 V at 78 K is also muiti-
plied, as the photocurrent is (see the inset in Fi
2a). This resuit is evidence that the multiplicationy
in these structures is of a bulk nature and that

Interestingly, in the GalnAsSb/GaAlAsSDh hete!
structures the potential jump in the valence pand &
the heterojunction is very low,® aEy < 0.1 eV.
result suggests that these structures will not preset

- problems associated with the accumulation of holes ax
the heterojunction.. In InGaAs/InP avalanche PROI
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ssing of an interface by a nonuniform wave without refraction
a1 Kirilenko s
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al recent papers have called attention to (the angle of incidence is eqgual to the angle of re-
gnetic waves at surfaces and fraction and is nonzerc). For this case the angle of
incidence o is found from the equation (e # 90°)

Gever
phavior of electroma
aces between media,! because of the practical
-nce of the results. It has been shown that,
Pplied to nonuniform waves of this sort (polari- - 555‘,},‘-,,‘7) tj"“ ,m){sﬁzzx‘:a:?tyaut, =0 (2)
-"and magnons), certain obvious concepts come

- doubt or lose their original meaning,? and new where

Woots appear in the more complicated cases, with an

trary relative orientation of the waves and the L=.SA27}(}'" ;?”[2)_ F(f—F),

ndardes.® Let us examine the crossing of an in-

sce between two absorbing media by a nonuniform Mech P (m?-F N - F{1-F),
sve which is oriented in an arbitrary way with 5 3 4

oct to the interface. The effective refractive S=(x*-FIn )W ek,

inns for the phase normal h and the amplitude

el E f=.s'£n‘d}']A/,'l(d'b’-tin‘&).

mal < are written®

s A gt i = AT ot _
%ﬁﬁ’ﬁ}%‘ m'%‘ﬁﬁﬁ% - (1) By definition, the angle of incidence is a real num-

" ! ! ber, and so we find the following condition, which
restricts the values of the other parameters of the

e phase f'it_:tor of the wave t:l.d(.i. Is ihose—n 12 the problem:
o cu;v[-:.é(/;u'r ,;'-1, where #«:7+«A €=M (e +ie,)

s the complex wave normal of the (incident) wave, m‘,ﬂ.s&‘y‘:ﬁ‘z/‘-»fz,zsm‘gs/z‘z/‘(m‘;r‘cﬁ‘b"SL). (3)
nd Aea,-ix,e 2 {7-itg8,) is the complex refractive
dex of the first medium. The parameters of the The crossing of an interface without refraction is not
waves in the second medium, with refractive index a new effect,® although it refers to the case in which
TN, are primed; N = N,/N; =m — ix; and we specify a wave is incident from an insulator on a metal, and
he vectors e; and e, to be necessarily involves transformation of the uniform in-
. cident wave into a nonuniform refracted wave. This
"‘V‘{-’i’l“; 1 W—"], fn*Shd{fﬂd casy, Sing, - Sin e mf?}: particular case follows from (2) with # = 0and ¢« = 0:
vhere o is the angle of incidence, and # and n are . =
' £ ’ n S T R R (0

the nonuniformity and the noncoplanarity parameters.
he nonuniformity parameter of the refracted wave,
7%, which appears in (1) is found from the laws for

" refractionS: | Fe li
2k e/ FIEDT G 5
7 2 (mcﬁ Painat + Xshtcos m.s'?)z - (xsh Pein 7)‘, jW N ”L
£n l’*]A/}z(sA‘F' sin ot ..s‘in‘z + sk Sfﬂ.zd) 4 e
0= |\w|'shi)chV sin o siny. NE
| e

The representation which we have chosen for the
Nonuniform waves makes it possible to study certain
features of Ne and Kg. It follows from (1) that there piitude normai vector
tXist waves and media such that N = 1; i.e., the waves during the cressing of an interface between
Wave cposses the interface without being refracted refraction.

FIG. 1. Orientation of the phase normal vector h 2ad the am-
7 in the incident, refracted, and reflected
media without

Ly Sov. Tech. Phys, Lett. 13141, Aprit 1987 0360-120X/87/04 0201-02 $§02.€0 ;1987 American Institute of Physics 201
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