. The substitution of neon for helium as the

er gas resulted in a decrease (by nearly an

r of magnitude)} in the intensity of the emission
fenectral lines from the 9p, 8d, 6f, and 6g levels
¥he case of C 1I {or the ép, 5d, and 4f levels

he case of ZnIl), which can be populated as a

of a charge-exchange reaction involving He?t
It was shown that the time evolution of the

-was no prolonged afterglow following the cut-
" the current, as is typical of experiments in

" He was used as the buffer gas. In the neon
we observed only a brief recombination flash.

The experimental data show directly that the

gange of metal atoms with ions of the buffer gas.
Eumably other plasma-chemical reactions could
Roccur.

5 It was found that the optimum length of the

aser pulse was tp ~ 3 us. The plasma expan-
velocity vp) was 8108 em/s at Iy = 100 A and
huffer-gas pressure P ~ 3 torr. Over the time
plasma expands to ~10-13 mm, and after the

cutoff, the plasma begins to cooloff. Under
conditions, estimates of the cooling rate show

he cooling due to elastic collisions is at least
r of magnitude more effective than the cool-
to the expansion.

n the basis of the experimental results pre-

ormation of active media in lasers with a
ted plasma source of metal vapor.

u. P. Yakovlev

Submitted February 13, 1938)
‘ma Zh. Tekh. Fiz. 13, 986-991 {June 12, 1988)

liminary results of our study of the aval-
tiplication of the photocurrent in hetero-
es based on multicomponent GalnAsSbf
BSD solid solutions were reported in Ref. 1.
hown that these substance hold promise for
lopment of avalanche photodiodes for the
interval 1.6-2.5 um, which is of interest
lample) for third-generation optical-fiber com-

s shown in Ref. 1 that the ratio of the
ciron ionization coefficients in GalnAsShb
tions is g/a = 5-10. Multiplication factors
J at room temperature and 50-100 at liquid-
ptemperature were achieved. However, the
current in n-GalnAsSb—p-GaAlAsShb het-
res in the prebreakdown region, which
ed by impurity and interband tunneling
arrow-gap substance, hinders the develop-
fficient avalanche photodiodes for opera-
om temperature.

8 et al.3 have suggested a structure with
bsorption and multiplication regions, in

Tach. Phys. Lett. 14(8), June 1988

sion changes for these lines. In the case of neon,

tion of the metal ions is a consequence of charge

above, we can propose the following mechanism

0360-120X/88/08 0435-03$02.60

During the appiication of the high-voltage pulse
to the outer electrodes of the active element of the
laser, a plasma consisting of the metal vapor and
the buffer gas is produced in each gap between
plates. The plasma expands into the preionized buf-
fer gas. Metal ions are formed s a result of a charge
exchange with He* or Net ions. After the current
ends, the plasma cools off in collisions with the buf-
fer gas.

The mechanism responsible for the formation
of the population inversion must be examined sep-
arately for each specific chemical element and spec-
tral transition.

In summary, this study has shown that the
following physical processes are observed during
the formation of the active medium of an SPER laser:
a) preionization of the buffer gas; b) spreading of
the current through the volume of expanding plas-
ma; ¢) mixing of the metal vapor and the buffer gas
as the plasma expands; d) plasma-chemical reactions
in the expanding plasma; e) a predominately colli-
sional mechanism for the cooling of the plasma.

W. T. Silfvast, L. K. Szeto, and 0. R. Wood, II, Appl. Phys. lLete.
36, 615 (1980).
*w. T. Silfvast, L. H. Steto, and 0. R. Wocd, II, Appl. Phys.

Latt, 39, 212 {(1982).
V. V. apollonov, S. I. Derzhavin, A. M. Prokhorov, and A. A.

Sirotkin, SPIE 664, 291 (1986).
*v. L. Latush, V. S. Mikhalevskii, and M, F, Sem, Opt. Spektrosk.
34, 214 (1973) [Opt. Spectrosc. (USSR) 14, 120 (1973)].

Translated by Dave Parsons

AsSb/GaAlAsSb avalanche photodiode with separate
rption and multiplication regions

: A. Andreev, M. A. Afrailov, A. N. Baranov, M. A. Mirsagatov, M. P. Mikhailova, and

. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad

a narrow-gap substances. The construction was
first implemented in an InGaAs/InP avalanche photo-
diode for the spectral interval 1-1.6 um (Refs. 3
and 4).

The placement of the multiplication region with
the p—n junction in a wide-gap substance makes it
possible to reduce the electric field at the hetero-
junction with the narrow-gap region and to avoid
significant tunneling currents in this region when
avalanche breakdown is reached in the multiplica-
tion region. As was shown in Ref. 5, the carrier
concentrations in the layers and the Iayer thicknesses
must meet some strict requirements.

The construction proposed by Susa et al.3 was
used in the present study to degvelop an avalanche
photodiode on the basis of GalnAsSh/GaAlAsSb solid
solutions. A narrow-gap absorption region was made
from an n-GalnAsSb solid solution (Eg.= 0.52 eV),
while the wide-gap n—p junction was in GaAlAsSb
of indirect-gap composition (Eg = 1.2 eV), separated
from the heterojunction by 0.3 pm.. The structures
were fabricated by liquid-phase epitaxy on a n-type
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FIG. 1.
an avalanche photcediode made from GalnAsSb/GaAlAsSb with separate
absorption and multipication regions, at various temperatures

T (K): 1) 296; 2} 253; 3) 2135 &) 173. Inset a: Distributien of
the width of the bandgap along the coordinate in the avalanche-
photodiode structure. b: Temperature dependence of the reverse

dark current at U, = 5 V.

GaSb substrate. The avalanche photodiodes were

fabricated as mesa diodes with a sensitive area hav-
ing a diameter % ~ 280 .um. 'The carrier concentra-

tion in the narrow-gap region was {5-7)-10'% cm™3;
that in the narrow-gap region was 7:10'% em™3; and
the p* layer of GaAlasSb was doped with Ge to a
concentration of 5-10'* cm™3. The layer thicknesses
are shown in Fig. 1.

A study of the current—voltage characteristics
of the idodes over the temperature range 296-78 K
showed that the temperature coefficient of the break-
down voltage was positive: vy = (aUg/Ug)(1/aT) =
¢; y = 2-1073 K. That is, the breakdown was of
an avalanche nature (Fig. 1). The breakdown volt-
age was determined by the wide-gap substance and
was 21-24 ¥V at T = 2968 K and 18-20 V at 78 K. The
dark current density at [0 = 0.5 Ug was j = 1-3-
1072 Afcm2, which is lower by a factor of two or
three than that in avalanche-photodiode structures
of the ordinary type, wheih we deseribed in Ref. 1.

The dark current in the voltage interval 5-12 V
was determined by generation and recombination in
the layer of narrow-gap material. The activation
energy in this interval was E, = 0.34 eV, according
to the temperature dependence of the reverse cur-
rent (Fig. 1b). The electric field in the space-
charge region of the wide-gap n—p junction was E =
3.5-10°% V/em, and it fell off to 8-10* V/em at the
boundary with the narrow-gap layer. The field
penetrated into the narrow-gap layer when the volt-
age across the structure was about 4-3 V, as is
quite evident from the step on the reverse branch
of the current—voltage characteristic with illumina-
tion. A significant multiplication of the photocurrent
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was observed even at V 2 6 V. According to esti-
mates, the field required for the beginning of sig-
nificant tunneting in the wide-gap substance was
£ ~ 10° V/cm, while that in the narrow-gap sub-
stance was above 2.5-10° V/cm.

Figure 2 shows the photosensitivity spectrum’
at various voltages. Since the dicde was illuminate
through the wide-gap p-type layer, the photosen-
sitivity at zero bias as determined primarily by the
CGaAlAsSb (curve 1). When the voltage was raised
above 4 V, and the electric field penetrated into
the narrow-gap layer, the photosensitivity spectrum
assumed a shape characteristic of a heterostructuré.;
The falloff at the long wavelength and short wavé™
length ends corresponded to the band-gap widths
of the wide-gap and narrow-gap materials. A SIg”
nificant increase in the photosensitivity was observe
corresponding to multiplication coefficints of 30-50
at room temperature. At T = 78 K, the coefficients
were M = 200-300 in the high-voltage region- :
he 1un” -

o

The vesults found for the lowering of t .
neling compenent of the reverse current in the pr};.
breakdown regicn and the realization of a avalanel®
breakdown in our structures are related to ﬂot_‘m |
the separation of the absorption and multiplicatwn
regions but also the use of the indirect-gap M4
GaAlAsSb in the multiplication region. This _ap”' b
proach made it possible to reduce the tunneling
ability to a level substantially lower than that 1%
a direct-gap substance having a band gap of y
same width, as a result of the participation of P
ons.in the process.® Under this condition,
quirement on the carrier concentration in the
plication region may be less stringent than t
Ref. 3 and 5. Further evidence for this conC
comes from a study of the current—voltage o
acteristics of GaAlAsSb diode structures of r
composition which we fabricated specificﬂUY fo
as reference structures.

Adreav at al.




Improving these avalanche photodiodes further
require optimizing several parameters of the
cture, including the carrier conecentration in the
g-gap layer and the layer thicknesses, which de-
e the electric field at the heterojunction. It
portant to reduce the field to E < 6-10* V/em
srder to aveid an additional multiplication in the
Ygorption layer. Furthermore, "resonant" or quasi-
snant compositions of the wide-gap GaAlAsSb solid
tion (with Ex = 44) could be used to make the
Pfiviplication region, in order to reduce the excess-
$5i5e. coefficient, The ue of these compositions would
mit higher values of the hole and electron ioniza-
iroefficients.’

: ﬁe- wish to thank 1. N. Yassievich and A. A.
Eakhomov for useful discussions.
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ephson junctions

" A. L. Gudkov, V. N. Laptev, and S. B. Rozanov

. (Submitted March 12, 1588)
. Pis'ma Zh, Tekh. Fiz. 14, 991-997 (June 12, 1988}

Cooled frequency converters are used in
eter-submillimeter-range superheterodyne re-
s'in order to raise the sensitivity.! Josephson-
Ion converters with an external heterodyne are

- in principle of amplifying a signal carried at
ermediate frequency if the intrinsic single
oise temperature is about 20T, where T is
ysical temperture of the Josephson junctions
22, 3). The use of chaing of identical series-

tg?%, ted Josephson junctions expands the dynamic
raised of a receiver. In the present letter we re-
into study of an external-heterodyne frequency
pectr Erter for the 2.2 mm range, consisting of end-
ructu

A l

Josaphson junction

11, AL Andraev, M. A. Afrailov, A. N. Baranov, M. A. Mirsagatov,
M. P. Mikhailova, and Yu. P. Yakovlev, Pis'ma Zh, Tekh. Fiz. 13,
481 (1987) [Sov. Tech. Phys. Lett. 13, 199 {1987)].

E. M. Dianov, Izv. Vyssh. Uchebn. Zaved., Radiofiz. 26, 27 (1983).
*N. Susa, H. Nakagome, O. Mikamov, H. Ando, and H. Kanbe, IEEE J.
Quantum, Electron. QE-16, 864 (1980).

“H. ande, Y. Yamaguchi, H. Nakagome, N. Susa, and H. Kanbe, IEEE
J. Quantum. Electron, QE-17, 250 (1981).

iy. Takanashi, M. Kowashima, and J. Horikoshi, Jpn. J. Appl. Phys.
19, 693 {1580).
5L. Kleinman, in: Tunneling Phenomena in Solids, E. 3urstein
and $, Lundquist (eds.), Plenum, New York (1969).

"y, I. Korol'kov and M. P, Mikhailova, Fiz. Tekh. Poiuprovodn.
17, 569 (1983) [Sov. Phys. Semicond. 17, 355 (1933)].

Translated by Dave Parsons

quency conversion in single and series-connected end-type

P. N, Lebedev Physics Institute. Academy of Sciences of the USSR, Muscow

type Joseptison junctions and chains of such june-
tions, made of refractory materials. Josephson june-
tions and chains of this type have been used pre-
viously *»3 in a detector receiver for the 4-8-mm
range. We know of no previous work on external-

heterodyne frequency converters made from end-type
Josephson junctions.

2. End-type Nb/a—Si/Nb Josephson junctions
with a direct conductivity and an area S 5 1 um
and chains 0.2 mm long consisting of 11 identical
junctions were fabricated on silicon wafers with a
thickness t = 0.4 mm by the procedure described
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truction of the frequency converter.
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