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Several optoelectronic material studies which exploit the high sensitivity and high depth reso-
lution of the SIMS (secondary ion mass spectrometry) technique, all employing a quadrupole
SIMS instrument located at the author’s institution, are reviewed. Solid phase Pd/Ge and
Pd/Si based contacts on GaAs and InP are examined by “backside SIMS." In this technique,
the semiconductor substrate is etched away while preserving a 300 nm epitaxial marker layer
structure on which the contact resides. Depth resolution is greatly enhanced by sputter pro-
filing through the thin semiconductor layer into the metallic region. T the Pd/Ge/GaAs
ohmic contact, the Ge dopant profile is observed to drop by 4 orders of magnitude within
~ 10 nm of the metal/GaAs interface. Solid phase 111-V regrowth is detected in both
the GaAs and InP Pd/Ge contacts. Backside SIMS is also employed in an examination
of low energy chanueling of Si into (GaAs. SIMS studies of dopant induced interdiffusion
in GaAs/AlGaAs and 1oP/InGaAs superlattices exploit the sensitivity of SIMS to minute
changes in stoichiometry. Measurcments of diffusion length as a function of dopant con-
centration and temperature provide strong support for the prediction that cation diffusion
is mediated by the triply charged Ga vacancy in GaAs. A study of interdiflusion induced
strain in tlic InP/InGaAs system reveal the importance of partial dislocation pairs for strain
relaxation. The sensitivity of SIMS to small changes in sample stoichiometry is exploited
in studies of Ga reevaporation and growth feedback control during molecular beam epitaxy
(MBE) growth of AlGaAs. Studies of segregation and ordering in polymer blends are briefly

described.

I. Introduction

Secondary ion mass spectrometry (SIMS) is a high
depth resolution (—10 nm) high sensitivity (often less
than 1 part per million) technique frequently em-
ployed in the characterization of optoelectronic ma-
terials. The recent acquisition of two sophisticated
quadrupole SIMS instruments in the statc of Sao Paulo,
Brazil motivates this review of novel SIMS applica-
tions dll the occasion of the 6th Brazilian School on
Semiconductor Physics. A typical SIMS depth pro-
file will indicate variations in the concentration of a
dilute dopant or contaminant within a uniform opto-
electronic material. The applications described below
are “novel” in the sense that they fociis on the major
constituents of the material or they involve the use of

special techniques to enhance depth resolution. Exam-

*Invited talk.

ples are drawn from SIMS studies at the author's in-
stitution, to the exclusion of numerous important and
novel studies in the literature. The studies described
below were, in each case, part of a broad experimental
effort involving a number of principal investigators, as
indicated in the references. The main conclusions of

these studies are summarized.

In the “dynamic” SIMS technique, an ion beam is
typically rastered over the sample surface, forming a
square, flat-bottomed crater. lons emerging from the
central region of this crater are detected and indivi-
dualy tabulated according to their energy and mass.
Count rates are recorded as a function of sputtering
time, which may be converted to sputtering depth by
subsequent measurement of the crater depth with a sty-
lus profilometer. Oxygen or cesium bombardment are
generally employed to dramatically enhance the yields
of positive or negative ions, respectively. These en-
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hancements are, to some extent, due to alteration of
the surface work function. lon yields, which determine
gensitivity, vary by several orclers of magnitude and are
sensitive to tlie chemical environment from which the
ions emerge. As a result, quantitation of SIMS pro-
files requires tlie use of standards and well controlled
experiments. The most efficient SIMS studies involve
comparison of many similar samples run under identi-
cal conditions. Numerous reviews of the SIMS tech-
nigue are availablel!:2. The teader is also referred to
the proceedings of the biannual SIMS conference for
discussions of diverse SIMS applicationst).

This paper will describe four areas of study. m
the first, a “backside SIMS” technique is employed
to obtain high resolution depth profiles of the metal-
semiconducsor interface in III-V chmic contacts. The
technique is also applied to a study of low energy ion
channeling in GaAs. The second area addresses diffu-
sion and interdiffusion in semiconductor superlattices.
These studizs elucidated the mechanism of interdiffu-
sion and also led to a refined theory of strnined layer
relaxation. Stoichiometry measurements in I111-V semi-
conductors are briefly discussed. Applications include
studies of Ga reevaporation and growth feedback dur-
ing molecular beam epitaxy (MBE) of AlGaAs. The
fourth topic polymer blend segregation and ordering,
is also briefly addressed, and is currently the primary

thrust of our SIMS laboratory.

I1. Backside SIM S studies

The nexi generation of integrated 111-V devices
will require ohmic contacts which are shallow, non-
spiking, uniform, bondable, thermally stable, and
highly conductive. The palladium based non-alloyed
contacts show special promisel®, Their abrupt
metal-semiconductor interfaces also facilitate study by
high resolution techniques such as SIMS. Resolution
problems are encountered, however, when sputtering
through tlie deposited metal layers. These layers may
be non-uniform, may roughen when sputtered, and al-
low knock-in of metal constituents into the semicon-
ductor. In the backside SIMS technique, the sample
is thinned and then sputtered froin the back (semicon-
ductor) side so as to avoid these problemsl%.

The semiconductor samples are specially prepared
by molecular beam epitaxy (MBE) or organo-metallic
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Figure 1: Backside SIMS depth profiles of a 130 hm Ge/
60 nm Pd/ GaAs ohmic contact, as-deposited (left) and an-
nealed at 325°C foi 30 minutes (right). The vertical dashed
lines rnarli the position o the original GaAs surface. The
Ge and Pd signals are much enlianced when reacted with
each otlier or with GaAs. The Ga oscillatioii within the
GaAs indicates one of tlie MBE marker layers. The Ge con-
centration drops by 4 orders of magnitude within ~10 nm
o tlie interface in the annealed sample.

T

chemical vapor deposition (OMCVD) so that they con-
tain an etch stop layer and several marker layers em-
ployed for subsequent alignment of profiles. The sam-
ple is first waxed onto a supporting semiconductor slab,
and then mechanically thinned, using successively finer
grades of grinding paper, to a tliickness of ~50um. It
is then immersed in an etching solution which removes
the semiconductor substrate (GaAs or InP) but does
not etch the thin (~ 50 nm) etch stop layer (AlGaAs or
InGads). A second etchant selectively removestheetch
stop layer. The entire process may be performed in less
than half an hour per sample. Detailed procedures are
presented elsewherel*=7). The thinned —300 nm struc-
ture typically contains four 10 nm thick ternary or qua-
ternary layers spaced at 50 nm intervals. By aligning
the marker layer profiles of various samples, the depth
scales of each are well calibrated, and the relative mo-
tion of tlie metal-semiconductor interface with respect
to the marker layers, due to semiconductor consump-
tion and reaction, may be measured with a precision

approaching 1 nm.

Fig. 1 illustrates two backside SIMS profiles of a
Ge/Pd contact structure on GaAs, as deposited and
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following a 30 minute 325°C anneal™. The vertical
dashed lines indicate tlic position of the original semi-
conductor surface as determined from alignment of tlic
marker layers in these samples. The as-deposited sam-
ple consists of 130 nm of (e oii 60 nm Pd. Where
the Ge and Pd react, the SIMS intensities are much en-
hanced, a S0 called SIMS “matrix efflect”. Following the
anncal, which yields a highly conductive ohmic contact,
the Ge concentration is observed to drop by 4 orders of
magnitude within ~ 10 nm of the interface. Pure Ge
lias formed epitaxially between the semiconductor and
tlic PdGe layer. Approximately | nim of (GaAs has dis-
solved into the PdGe region, yvielding the observed Ga
profile. Trom combined SIMS and TEM studies. the
sequence Of events appears to be as follows: A thin ~6
1m1 PdyGaAs aloy layer is formed on deposition. When
the PdGe reaction front reaches this alloy layer, it re-
claims the Pd, leading to epitaxial regrowth of ~2 nm
of GaAs. This L nm region is heavily doped with Ge
(> 10" cm~3), sufficient to induce ohmic behavior.

Improved thermal and morphological properties
were obtained with a Si/Pd coiitact where a thin
(Ge dopant spilic was incorporated in the interfacial
regionl®. Subsequent SIMS studies of the Ge/Pd and
Si/Pd contacts on InP have shown that regrowth of InP
also occurs, however, the extent of interaction between
Pd and InP is more difficult to controll™.

Backside SIMS mas also employed by Stoffel et al.[5]
to examinelow energy Si implants in GaAs. These pro-
files of tlic Si®" isotope (to avoid contaminant interfer-
ence) showed surprisingly long channeling tails within
tlie GaAs substrate. Such tails might be interpreted as
a knock-in effect in frontside SIMS profiles. The results
of this study indicated that ion channeling may degrade
clectrical and optical properties of devices exposed to

low energy ion bombardment.

III. Superlattice interdiffusion studies

A heavily doped AlAs/GaAs superlattice aunealed
at temperatures above 600°C will eventually interdif-
fuse to form a uniform AlGaAs layer. The dependence
of the rate of interdilfusion on doping and temperature
is effectively studiecl by SIMS. SIMS can, of course,
monitor the clopant concentration within the structure,
but it is the high sensitivity to Al and Ga that proves

especially beneficial in these studies. Tlie superlattice
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structure yields an oscillatory Al deptli profile, as ob-
served in Fig. 21 Tlie peak-to-valley ratio of these
oscillations i, a measure of the extent of interdiffu-
sioii. With a signal to noise ratio of ~ 10 for Al or
(Ga, SIMS can measure peak-to-valley ratios accurately
over a wide range of values, and correlate these mea-
surements to the Al diffusion coefficient. Tlie figure
shows an MBE structure with plateaus of Si doping,
so that tlie dopant level at tlie center of each plateau
remains constant during the anneal. 3 liour anneals
at 700°C and 900°C are illustrated. Interdiffusion is
clearly accelerated at the highest doping levels. Sub-
sequent studies showed that at very high doping levels
(~ 10%% cm~2) tlie Al diffusion coefficient is reduced.
This effect is correlated with a recluction in electron
coucentration (dopant conipensation). The Al diffu-
sioii coefficient was found, over a wide dopant range, to
be proportional to tlie 3rd power of electron concentra-
tion, as is the concentration of the triply charged Ga
vacancy*®l. The results provide strong evidence for a
vacancy mediated diffusion mechanism.

SIMS studies of Zn induced interdiffusion in
InP/InGaAs superlattices revealed striking behavior.
Tlie In and Ga cations readily diffuse while As and
P remain stationary. Tlie result is a liighly strained
superlattice, free of grown-in defectsl!1:121. At high Zn
concentrations, Zn completely displaces In in the InP
layers to form ZnzP,. The results favor a cation kick-
out mechanism for Zn induced interdiffusion. Trans-
iiiission electron niicroscopy (TEM) of the interdiffused
superlattices revealed numerous microtwin defects, ori-
ented along the [111] direction and spanning the highly
strained layers. Hwang, et al.l'1:1%] demonstrated that
these defects (partial dislocation pairs) are often the
dominant mode of strained layer relaxation, as opposed
to the conventional misfit dislocations treated in the
theory of Matthews and Blakeslee.

IV. Stoichiometry measurement

Tlie Al/Ga signal ratio measured in our quadrupole
instrument was shown to be proportional to the true
Al/Ga ratio over the entire (GaAs to AlAs) concen-
tration ra.l]ge[w]. While this result may seem trivial,
it is generally not tlie case in the more common mag-
netic sector SIMS instruments, where a saturation of
the Al/Ga intensity ratio occurs at high Al levels. The
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Figure 2: SIMS depth profiles of AlAs/GaAs superlattices as-grown (@) and anncaled for 3 li at 700°C (b) and 900°C (c).
Six Si dopaat plateau regions arc evident, with doping ranging from 2 x 10'7 to 5x 10" cm™ (A1H interference oscillations
are visible i the S profiles. The Al oscillations decay as the depth resolution is affected by sputtering depth.) Al-Ga

interdiffusicn is markedly accelerated at the highest doping levels.

ability to determine the sample stoichiometry, and to
detect minute changes in stoichiometry, has been ex-
ploited in several studies.

In MBI growth of AlGaAs, Ga is known to escape
from the growth surface at a temperature dependent
ratc which is quite appreciable at temnperatures above
700°C. The escape of Ga may result from a temperature
dependent sticking probability, or from Ga reevapora-
tion which would in addition depend on the Ga sur-
face concentration. Convincing results supporting both
mechanisms have been published, and additional work
is apparently required to determine the effect of vari-
ous growth conditions on Ga loss. Weexamined asingle
MBE sample containing various alloy and superlattice
regions grown at different temperatures®. The results
clearly shoved that Ga loss in that sample was due to
reevaporation and that the activation energy for reevap-
oration was 4.8 e¢V. SIMS allowed measurement of as
little as 1% Ga loss.

Aspnes and coworkers!!¥ have developed an optical
method to monitor surface stoichiometry during MBE
or OMCYVD growth, thereby allowing feedback control
of growth. Pig. 3 shows the composition profile of a 50
nm parabol ¢ quantum well grown in this manner, as
measured by SIMS. The distortions in the profile, such
as the small peak at the 30 nm position, were found
to be well correlated with the in-situ optical measure-

ments.
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Figure 3: A 50 nm parabolic well grown by MBE under au-
tomated ellipsoineter control. The SIMS data (lower) is well
correlated with the in-situ ellipsometer data (upper dotted
ling). Tlie SIMS data is well fit by a parabolic profile con-
volved with a 10 nm (FWHM) Gaussian function. This 10
nm value foi the depth resolution was determined from an
abrupt AlGaAs/GaAs interface deeper in the sainyle. Fits
of 50 nm sawtooth (dashed) and square well (dash-dot) pro-
files are also sliown.
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V. Polymer studies

Polymer materials are increasingly employed in op-
toelectronics as optical transmission media, in active
clectrical devices, and of course in coating and struc-
tural applications. A technique to examine swface
segregation, diffusion. and orclering in polymer blend

films lias recently been developed(!®).

A sacrificial
polystyrene coating (—30 nm thick) is floated onto the
sample Of interest. This coating allows steady state
sputtering conditions to be achieved prior to reaching
tlie original sample surface, it protects tlie surface from
contaminants, and it allows deposition of Au to avoid
ioii bombardment induced charging effccts during the
SIMS analysis. Argon bombardment is employed, to
allow detection of oxygen and to avoid sensitivity vari-
atlons associated with reactive ioii sputtering at dissim-
ilar interfaces. Deuterated polymers are incorporated
into the blends to allow for sensitive detection of tlie
motion of tlie blend components. Negative deuterium
ions are detected, primarily to avoid an interference
with 1§ Oxygen, carbon, and chlorine are also more
efficiently detected as negative ioiis. Nitrogen is unde-
tectable as a monoatomic ioii but is readily observed
by monitoring tic CN™ dimer ion. The depth resolu-
tion is —10 nm for 2 keV Argon bombardment at 30°
off-normal incidence.

Fig. 4 illustrates preliminary data for the time de-
pendence of triblock diffusion into polystyrenel!fl. The
sample consisted of a 53 mm triblock copolymer film
(polyvinyl pyridine (PVP) and deuterated polystyrene
with polymerization index 124-552-124) on a 43 nm
polystyrene layer on a Si substrate. The CN™ intensi-
ties, normalized to PVP volume fraction, are ilfustrated
following 180°C anneals for 0, 20, 58, aicl 120 hours in
vacuum. The nitrogen containing triblock enclsinitially
segregate rapidly to the surface and the substrate in-
terface. The triblock chains stretch out in a direction
normal to these surfaces, and tlic PVP chain ends in-
teract to form the ordered layer structure shown for
the 120 liour anneal. The triblock chains at the sur-
face loop around, with both ends located at a depth of
—20 nm and the deuterated center segment exposed
at tlie surface. The SIMS deuterium depth profiles
are consistent with this description of orclering. A re-

view of SIMS deptli profiling studies of surface segre-
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Figure 4: Time clependence of the diffusion of a 53 nm tri-
block layer into a 43 nm polystyrene layer on asilicon sub-
strate, following anneals at 180°C o 0, 20, 38, and 120
hours. Tlie CN™ SIMS depth profiles are diown, scaled to
volume fraction. The triblock chains stretch, and the chain
ends interact, t0 form tlie ordered four layer structure (at
120 li). The cliain ends are attracted to the substrate inter-
face and repelled froni the surface.

gation in polystyrene blends, diffusion in cross-linlied
polystyrene, and grafting of end labeled polystyrene
chains to an SiOj surface was recently published (1),

V1. Conclusions

SIMS depth profiling studies of ohmic contact for-
mation, low energy ion channeling, interdiffusion, and
MBE growth effects in 111-V structures have been de-
scribed. The application of SIMS depth profiling to
polymer blend structures was also briefly discussed.
These SIM S studies are somewhat atypical, in that they
do not emphasize detection of dilute species within a
uniform semiconductor matrix. It is readily apparent
that SIMS isan effective tool for fundamental studies of
layer interactions, where high depth resolution and sen-
sitivity to small concentration variations of the major
constituents can be cxploited.
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