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Much of the technology of our era is based on the 8i0,/Si amorphous/crystalline
heterojunction interface. Now it appears that As,S,/GaAs amorphous/crystalline
heterojunctions show scme technological promise. We have found that properly prepared
As,8;/GaAs interfaces can have reascnably good electronic guality. The interfacial
recombination velccity is =~ 15 000 cm/s at flat band, which results in a ~ 100-fold reduction
of perimeter recombination currents in p-» junction mesas. This can be important on
heterojunction transistor emitter-base perimeters, solar cell and light-emitting diode
perimeters, and for reducing mirror facet recombination in semiconductor lasers.

Much of the technology of cur era is based on the
8i0,/81 amorphous/crystalline hetercjunction interface.
The hallmark of electronic interfacial science is the low
density of electronically active defects at the surface of the
semiconductor. Additionally, the amorphous layer acts as
a diffusion barrier to encapsulate and protect the highly
perfect interface. For [11-V semiconductors there has been
no similar material system available.

We have now found that properly prepared As,S./
GaAs amorphous/crystalline interfaces can have reason-
ably good electronic guality. As,S; is an excellent giass,’
very difficuit to devitrify, with a band gap of =2.4eV. Itis
insoluble in water and is a rather durable material which
can make a permanent surface passivation on the -V
semiconductors. Some properties of As,S; glass are listed
in Table I. As in the case of the S$i0,/Si interface, the
materials processing history of the interface is equally im-
portant as its chemical composition in reducing the elec-
tronically active defect density. In this letier we will
present some processing protocols which have allowed us
to create interfaces with an interfacial recombination ve-
locity of =15 000 cm/s at flat band, about a 100-fold im-
provement over ordinary GaAs surfaces,

The key to our experimental approach has been the
contactless laser-pumped minority-carrier lifetime probe.?
This inductively coupled radio frequency bridge allows
rapid contactless monitoring of interfacial electronic qual-
ity on partially processed wafers. Since we can measure
interfacial guality within about a minute, our empirical,
Edisonian approach can actually be quite efficient. We feed
minority-carrier lifetime information directly back into the
material preparation. Therefore we can quickly converge
onto an excellent quality interface. Using this philosophy
we have discovered a number of interesting electronic in-
terfaces on Si (Ref, 3) and the 1I-V’s.%°

In these experiments, a g-switched doubled Nd:YAG
laser injects carriers into a 2-um-thick Al,Ga,sAs/
GaAs/Aly sGag sAs double heterostructure. The minority-
carrier lifetime bridge reads out directly in terms of carrier
density versus time after injection, as shown in Fig. 1(a).
The slow exponential decay at densities below 10'7/cm? is
due to nonradiative recombination centers.” After the top
tayer of Aly sGag sAs is selectively removed in HF acid, the
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carrier density decay in Fig. 1{d) is much faster due to
nonradiative recombination on the oxidized GaAs surface.

At this point, any one of a number of surface chemicat
processing sequences may be invoked in order to restore
the interfacial quality. We had previously discovered® that
a ciass of inorganic sulfides [Li,S, (NH,),S8, Na,S-9H,0,
etc.] were guite effective for this purpose. Mevertheless,
their range of applicability was severely limited since the
exposed GaAs surfaces would eventually deteriorate over
time. Accordingly we have sought a form of sulfide chem-
istry which would produce a permanent heterojunction-
type interface. As,S; glass seemed an excellent choice, but
it was necessary to find a processing protocol that main-
tained the best possible interfacial quality. Table 1f is the
result of an extensive series of experimental runs as moni-
tored by the minority-carrier lifetime bridge.

After the usual oxidative cleaning and rinsing proce-
dures, the coating steps are (5) and (&) in Table I. The
GaAs is soaked in a 0.16 M As,S, dissolved in concen-
trated NH,OH, with methanol added as a wetting agent.
Then the wafer is simply spun dry, leaving a film of As,S,,
~ 100 nm thick. Alternatively the solution may be permit-
ted to dry without spinning, leaving a thick layer of As,S,;.
The final three steps, (7}, (8), and (9) are for the purpose
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FIG. I. Decay of carrier density in an Al;sGag sAs/GaAs/Aly sGay sAs
double heterostruciure excited by delta function optical injection at # = 0.
(a) The intact original double heterostructure. (b) As;S./GaAs/
Aly sGag sAs double heterostructure immediately after preparation by the
procedure in Table . (c) The same sample after being aged on the shelf
for four months. (d} The same sample with an exposed oxidized GaAs
surface.
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TABLE I Some properties of As,S; glass.

Band gap 24 eV
Refractive index 2.6

Crystal melting point 3i5°C

Glass transition temp. ~195°C
Resistivity 108 G em
Soluble in conc. NH,OH

of annealing to form a deunse, structurally interconnected
network glass of As;S,. It is essential that the annealing
tube be entirely purged of air before heating it. The result-
ing glass is relatively impermeable, so that the interface
electronic quality is protected permanently. The annealing
should he done with care, since the vapor pressure of As,S,
can be significant at temperatures of 300 °C and above.

The effect of the protocol in Table I on the carrier
density decay curves of an As,S;-coated double hetero-
structure is shown in Fig. 1(b). The strong laser pulse
substantially flattens the bands, reducing the effects of
band bending®® on the surface recombination velocity. A
careful accounting of band bending effects on the curve in
Fig. 1(b), similar to Ref. 4, yields a surface reccmbination
velocity Sy ~ 1.5 10" cm/s at flat band.

After aging on the she¥f for four months the structure
was tested again, resulting in Fig. 1 {c}. This overlaid per-
fectly on Fig. 1({b), sc cnly one curve could be shown. We
have conducted accelerated aging tests, for example 15 min
at 225 °C in air, with no deterioration. We believe the du-
rability of the As,8;/GaAs electronic interface is limited
only by diffusion through the As,S, glass.

We tried other methods of making As,8,/GaAs. Sim-
ply evaporating As,S; onto GaAs did not improve the sur-
face electronic quality over that of an oxidized GaAs sur-
face. This was in spite of cleaning the GaAs surface with
(NH,),S prior to loading into the evaporator. This shows
that processing history is the essential variable in establish-
ing a worthwhile As,S;/GaAs interface, but it would be
speculative to invoke a specific physical mechanism. A
prior study’ of lateral electrical transport in As,S; thin
films on semiconductors, emploved simple evaporation as
the preparation method.

After the original discovery® of the sulfide surface pas-
sivations on GaAs, the first applicationg was directed to-
ward perimeter currents at the emitter-base junction of
heterojunction bipolar transistors. Perimeter recombina-
tion currents are also known to degrade the cificiency of
solar cefls.’ Furthermore, some evidence has now accumu-
lated,'” that mirror facet recombination currents are re-
sponsible for local heating and catastrophic optical dam-
age'! in semiconductor lasers. Accordingly, we have
applied the As,S; glass to dicde mesas in order to measure
the perimeter recombination currents at the edges of a p-n
junction.

The particular mesa structure which we investigated is
shown in Fig. 2. The wafer had originally been grown for
making conventicnal double-heterostructure diode lasers.
The behavior of other types of diode structures should be
similar, however.

A series of circular diodes were mesa eiched to have
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TABLE II. An optimal processing sequence for As,8;/CGaAs.

(1) Oxidize GaAs surface in 1:8:300 (H;804H, O, H,0).

(2) De-ionized water rinse, flowing, 30 s.

(33} Soak 5 min in (NH,),S, 22% conc.

(4) De-ionized water rinse, flowing, 20 s.

(5) Socak 5 min in 0.16 M As;8; dissolved in conc.
NE,OH mixed 2:1 with CH;0H, as a wetting agent.

(6) Spin dry at 2500 rpm.

(7} Load into cold furnace tube under flowing forming gas, 10 min.
(&) Place tube in furnace and anneal for 2 min at 290-300 °C under
flowing gas. The vapor pressure of As,S; at the annealing

temperature is significant. Over-annealing will cause the As,S;
layer to be lost by sublimation.

{(9) Remove tube from furnace and cool quickly down to room
temperatiure

diameters 500, 100, and 60 um. Following Stellwag et al.,'?
the forward current-voltage ([-¥} characteristic is
expected to be of the following form:

]:Il(qu/!'(T — 1)+ j‘nAA(qu/nkT -1

I P(VMT 1y (1)

where 7, is the diffusion saturation current, J, 4 is the area-
related forward recombination current density (A/ cmz),
Jip is the perimeter-related recombination current density
(A/cm), A4 is the area of the diode, and P is its perimeter.
By measuring the forward I-V characteristics below 1 V,
we could safely negiect the 7, diffusion current component.
We concentrated on separating out the area- and
perimeter-related recombination current contributions.

The current-voitage curves on three different diode di-
ameters are shown in Fig. 3. The data are reasonably well
represented by a diode gquality factor » = 2, for both the
oxide-coated perimeter and the As,S, glass-coated perim-
eter. The oxidized perimeter was created by the 1:8:500
{H,SO4H,0,:H,0) etch, which had been used to litho-
graphically define the mesas. Current flow on the As;S;-
passivated diodes is markedly reduced from the oxide-
covered diodes in Fig. 3. This shows that, even for 500 pm
diameters, perimeter currents were a dominant contribu-
tion to the oxide-coated diodes in this range of bias. Nat-
urally, such current leakage would be even more severe in
smaller diodes.

Au metailizaiion
0.2um p*-Gads (n=10"9)

1.5um p-Aly,Gay As (n=10'%)

B.2um GaAs (undoped)

1.5um n-hAlg,Ga,; As (n=10)

1.5um n*-Gads (n=10"%)
50nm n-AlAs
buffer ni-Gads (n=16"%)

n*-GaAs Substrate

FIG. 2. Mesa diode on which the current-voltage measurements were
made, before being costed with As,8;.
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FIG. 3. Forward current-voltage charac-
teristics on mesa dicdes of three different
diameters. The oxide-coated diodes are
dominated by perimeter recombination
leakage, while the As,S;-coated diodes
experience bulk recombination current
almost exclusively.
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In fitting the curves of Fig. 3, the bulk area-related
forward recombination current density, J,,, was taken to
be identical for both perimeter compositions. Qur best fit
for bulk current was J,, = 7.8 10 1! A/cm?. The corre-
sponding determination of the perimeter-related recombi-
nation current density on oxide-coated edges was

"p=2X 10712 A/cm. Within our experimental precision,
the perimeter leakage on the As,S;-coated diodes was too
small fo measure! We were only able to place an upper
limit on the As,S;-coated perimeter leakage current den-
sity, which was J/pS 2107 1 A/em, 100 times less than
an oxidized GaAs surface.

This As,S; glass coating was recently'® applied to het-
erojunction bipolar transistors with a corresponding im-
provement in electrical characteristics. Our results also
have implications for semiconductor lasers and light-
emitting diodes. A laser requires a forward bias voltage
equal to the band-gap energy, 1.4 eV. At that forward bias
the perimeter leakage current on oxidized GaAs becomes
Jolexp(gV/2kT) — =1 A/cm of length on the periph-
ery. In semiconductor lasers the lateral edges are fre-
quently resistively isolated from the injection region, but
the mirror facets generally experience the full forward in-
jection voltage. A leakage current of I A per centimeter of
oxidized facet length can contribute noticeably to the
threshold current of certain low-threshold lasers. It is pos-
sible that a freshly cleaved {110) facet may have less sur-
face recombination. On exposure to air however, it would
eventually and inevitably degrade to the level of recombi-
nation current we have measured on our oxidized perime-
ters. These results should stand as a caution to those who
model or fabricate semiconductor lasers. If the lateral edge
isolation is inadeguate, then the laser can draw very large
nonradiative currents indeed.

A sensible microscopic model of the perimeter leakage,
based wupon Shockley-Read-Hall kinetics, is J,p
= gn,Spl, where g is the electronic charge, #; is the intrin-
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sic carrier density, and L is the width of the depletion zone
on the surface, where n~p. If the center of the depletion
zone is 20 nm wide, then it implies that the flat-band re-
combination velocity at the oxidized surface is
So=3.5x10° cm/s. This model would place an upper
limit of &, <35 000 cm/s at the As,S;-coated GaAs inter-
face. Such an upper Hmit is consistent with our direct
S; = 15 000 cm/s measurement from Fig. 1.

Among the interesting questions, just as for any het-
erojunction system, is the valence-band offset between
As,8, and GaAs. Reference 7 claimed a type II band align-
ment, although this seems unlikely based on our small
measured interfacial recombination velocity.

We have emphasized perimeter passivation on bipolar
devices, but there might be metal insulator semiconductor
field-effect transistor (MISFET) applications as well, We
have made a few such transistors, but we were troubled by
pinholes in the insulating As,S; film itself. An auxiliary
polyimide layer was needed to prevent pinhole short cir-
cuits. The As,S; has' a resistivity ~10'® © cm, which is
more than adequate. We also made channel conductivity
measurements, similar to Refl 6, finding that the interface
charge was @ = 6 X 10'! negative charges per em? in pitch
darkness. This level was in between the (NH,),S and
Na,5-9H,O-coated results in Ref. 6.

As explained in Ref i, the As,S; glass tolerates vari-
able stoichiometry. We prepared compositions with a 10%
excess of sulfur by including some (WH,),S into the solu-
tion of step 5 in Table II. None of the electronic properties
which we could measure were affected.

We would like to thank W. K. Chan for some transis-
tor experiments, L. T. Florez for growing the samples, and
M. R. Melloch of Purdue for discussions and for providing
their I-¥ curves prior to publication.
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