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Secondary-ion-mass-specirometry studies of the implantation profiles of 20- to 400-keV Si, Se,
and Be ions into GaAs are reported. The measured profiles are fit with Pearson-IV
distributions whose moments are fit 1o functions of the ion energy to obtain simple, widely
applicable analytical formulas. Also, profiles are measured for varying wafer tilt and rotation
angles to the ion beam, and for varying dislocation densities and doses. For implantation
through dielectric caps, the profiles in the GaAs can be simulated using shifted, bare-wafer
Pearson-IV distributions for Be, or mixtures of shifted Pearson-iV and Gaussians for 8i and Se.
Also, knock-on distributions of 8i and O atoms resulting from implanting through SiQ, caps

were measured.

1. INTRODUCTION

For ion implantation into crystalline materials, the wa-
fers must be tilted and rotated precisely with respect to the
beam to minimize axial and planar channeling. ** This, how-
ever, will never completely eliminate channeling effects,
since the ions undergo hundreds of collisions before they
come to rest, and they have a finite probability of scattering
into a channel during any single collision. In a channel, the
ion stopping power is reduced, resulting in a fraction of the
ions coming to rest at depths much deeper than would occur
in an amorphous material. This partial channeling is respon-
sible for exponential tails observed in implanted atomic-im-
purity profiles in crystalline materials.

Several methods are available to calculate profiles of
ions implanted into amorphous materials.>"* Figure 1 com-
pares a measured profile for 80-keV Si ions implanted into
GaAs with a profile calcuiated using the TRIM Monte-Carlo
code'® for an identical implant into amorphous GaAs. Simi-
lar results are obtained when comparing with other implant
calculations™!""'?; the amorphous codes predict a narrower
distribution and fail to predict the exponentially falling
channeling tails.

The aim of the present work is to develop the best possi-
ble simulations for ion implanfation profiles in GaAs, for use
in process and device-modeling codes being developed for
Gahs digital and monolithic-microwave integrated-circuit
technology. GaAs metal-semiconductor field-effect transis-
tor {MESFET) device characteristics depend critically on
the threshold voltage V,,, which in turn depends on the
pinch-off voltage ¥, given by'*

Vo=V — Vs
V,~ 9 j- xdx N,(x), (1
Eo€, JO

where ¥, ( ~0.8 V) is the barrier height of the Schottky
gate junction. The pinch-off voltage is directly proportional

*? Present address: Gateway Modeling, 1604 East River Terrace, Minne-
apolis, MN 55414.
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to the first moment of the implanted donor concentration
distribution N, (x). As a result of channeling, a fraction of
the ions are implanted at deeper depths, resulting in higher
moments, higher pinch-off voltages, and more negative
threshold voltages than calculated for egual-dose implants
into amorphous material. Since quantities like the drain-
source current at zero gate voltage depend upon the sguare
of the threshold voltage, it is vital to correctly model implant
profiles into crystalline GaAs to be able to correctly predict
device characteristics.

The method we have adopted to simulate ion-implanta-
tion profiles in GaAs, is to fit analytical distributions to mea-
sured profiles. The advantage of this method is that numeri-
cal profiles can be calculated rapidly, as opposed to
Monte-Carlo or Boltzmann-transport calculations. ™!
Also, Monte-Carlo and Boltzmann-transport codes incor-
porating crystalline structures have not been sufficiently de-
veloped to be widely available.>~!® The disadvantage of our
approach is that one can never fully explore all implant pro-
files of conceivable use. In this work, we only study profiles
of Be, §i, and Se ions in GaAs. These ions were chosen be-
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FIG. 1. Comparison of 2 measured 80-keV 8i*° implant concentration pro-
file with a profile calculated using the TRiM Monte-Carlo code,'’ and with a
fit.
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cause Si and Se are the most widely used donor impurities in
GaAs MESFET technology, and Be is used to produce
buried acceptor layers in MESFETs. Furthermore, these
three ions encompass a wide range of possible atomic
numbers, so that eventually it may be possible to interpolate
parameters for calculating the profiles of intermediate atom-
ic numbers using data from these three.

In Sec. I of this paper, we describe our secondary-ion-
mass-spectrometry (SIMS) measurements. In Sec. I, re-
suits of profile studies are described for (a) the ion-energy
dependence in bare, uncapped GaAs wafers, (b) the wafer
tilt and rotation dependence, (c) the dependence on the ion
dose, and (&) the dependence on the wafer dislocation den-
sity. In Sec. III E, methods are formulated for calculating
the profiles of ions implanted through Si3, or Si;N, caps,
and in Sec. III F, measurements of the profiles for “knock-
on” Si and O atoms, resulting from implantation through
Si, caps are discussed. Section I¥f G comments on the rela-
tionship between SIMS measurements of denor profiles and
electron carrier profiles in liquid-encapsulated-Czochralski
{LEC) grown GaAs. Finally, Sec. IV contains the conclu-
stons.

i. MEASUREMENTS

Samples of commercial, high-pressure, LEC-grown,
{100)-oriented GaAs wafers were implanted with Be®, $i*°,
and Se®® ions at doses of approximately 10" em™? (except
where noted ). SIMS measurements of the as-implanted pro-
files were made at Charles Evans and Asscociates. This ion
dose was chosen to obtain adeguate SIMS statistics for mod-
eling. Unless specified, the wafer tilt and rotation angles
were 7° and 9° from the wafer major flat, respectively. The
samples were cleaved paraliel to the major (011) flat, and
were bonded to Si wafers at the desired rotation for implan-
tation, or were implanted using a goniometer to position the
samples.

For each measured SIMS profile, a constant back-
ground concentration, obtained by averaging the concentra-
tions in the deep, fiat portions of the specira, was subtracted.
Also, SIMS measurements often give high surface concen-
trations, due to contaminants or varying sputter rates, that
are unrefated to the actual implant profile. We replaced
these concentrations, C,, by values obtained by extrapolai-
ing the first few realistic points in each spectrum to shal-
lower depths. Using these corrected profiles, we then calcu-
tated the moments of the distribution (x" } using

(x") = Zx:fc/z C. (2)

For Pearson-type distributions, the normalized moments
are defined as?%??

R, ={x"),
AR, =TT~ G,
y=<{x—R,}/AR},
and
B={x~R,)*/AR}, (3)
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where the first moment R, is referred to as the projected
range, and is the position of the peak of the distribution for
Gaussian distributions. AR, is the width of the distribution,
projected on the depth axis. The normalized third moment y
describes the skew of the distribution. Positive values of the
order of unity and larger describe distributions falling off
approximately exponentially at large depths, while negative
values describe distributions skewed toward shallower
depths. The kurtosis factor S mainly decides the type of
mathematical function best describing the distribution, ac-
cording to whether it falls between certain ranges that are
functions of ¥ [see, e.g., Eq. (4) below].”**

In this paper, we are mainly interested in the shapes of
the distributions. In most of the data shown below, the pro-
files have been normalized to arbitrary peak heights; the ab-
solute peak heights can be obtained by normalizing the inte-
grated area to the implanted ion doses.

To reduce SIMS artifacts and uncertainties, we mea-
sured most atom distributions at least twice using two differ-
ent SIMS setups. Also, some distributions were indepen-
dently implanted at several different times using up to two
different implanters. When differences were observed, dif-
ferent samples were measured two additional times using the
same SIMS setup. These precautions were taken 1o increase
our confidence that these data, especially for the energy de-
pendence of the unencapsulated implants, are accurate, and
are independent of either the SIMS measurement or the ion-
implant apparatus.

fit. RESULTS
A. lon-energy dependence

Figures 2 and 3 show moments for the distributions of
Be, Si, and Se ions implanted into GaAs as a function of the
ion energy, while Figs. 4-6 compare the measured distribu-
tions with profiles calculated using Pearson-1V distribu-
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FiG. 2. Measured moments R, and AR, of concentration distributions of
20-400-keV Be, Si, and Se ions implanted into GaAs, and power-law fits
{for ion energies in keV ). The 10'? ions/cm? implants were done into bare
wafers at a tilt and rotation angle of 7° and 9°, respectively.
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FIG. 3. Normalized third and fourth momenis y and § of concentration
distributions of Be, i, and Se ions implanted into GaAs, as in Fig. 2. 8, is
defined in Eq. (4). The y values were fit to y=2.38 — L1 In E, for Be,
y=minimum (2.1, 95E-"%'), for Si, and ¥ = minimum (2.6,
6.2 — 1.8 In E), for Se, where £ is the ion energy in keV.

tions. To use a Pearson-1V distribution for any set of mo-
ments, the value of the normalized fourth moment S must be
greater than 3, defined 2%

Bo= (3977 + 48 + 6(y* + 4)°*1/(32 — ). (4}
We usually find that the measured moments for the profiles
automatically satisfy this criterion. Using Pearson-IV distri-
butions to predict the profiles of ions implanted into crystals
has the advantage of built-in exponential tails. An alterna-
tive way often used for fitting measured implant profiles is to
add an exponential tail to a Gaussian distribution,?! which is
calculated using an amorphous implant code. Such distribu-
tions require the same number of fitting parameters, but the
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FIiG. 4. SIMS measured profiles for 20-200-keV Be ions in GaAs, com-
pared with Pearson-1V fits calculated with the parameters given in Figs. 2
and 3. The concentration distributions are normalized to arbitrary peak
heights.
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FiG. 5. SIMS measured profiles for 25-400-keV Si ions in GaAs, compared
with Pearson-IV fits.

parameters are not as straightforwardly obtained from the
distribution moments as they are for Pearson-IV distribu-
tions. On the other hand, the Pearson-IV distribution is
more complicated to compute than a Gaussian, and can easi-
ly give computer overflow errors if not properly calculat-
ed.”

The moments K, and AR, shown in Figs. 2 and 3, were
fit to power-law functions of the ion energy, ¥ was fit to
either a linear function of log ( E) or a power-law function of
E, with a maximum, and /5 was fit to a constant multiplied by
5. Due to statistical uncertainties, the third and fourth mo-
ments are less accurate than the first two; however, they also
have iess effect on the derived distributions. We have little
data to support the use of a constant p valve for Siand Seions
below 100 keV; the present form was chosen for simplicity,
instead of some more complicated parabolic function of
log (E).
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FIG. 6. SIMS measured profiles for 50-200-keV Se ions in GaAs, compared
with Pearson-IV fiis.
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Implanting Se ions for MESFET active channels instead
of Si ions could be advantageous if, for the same R, the
channeling tails of the Se profiles are significantly smaller
than those for the Si ion profiles. Using the formulas in Fig.
2, and setting the R, values for Si and Seions equal, aliows us
to find the Seion-energy £ 5, needed to obtain thesame R, as
Si ions with energy Eg;

E,, =0.829E L™ (5)

This formula predicts, for example, that for a Si energy of 50
keV, the equivalent Se energy is 125 keV. In Fig. 7, we com-
pare Pearson-IV fits to measured profiles for 5i and Se ions.
Also shown in Fig. 7, are calculated threshold voltages for 8i
and Se ions implanted to a dose of 2X 10" cm ~? at R,
matching energies and for an activation of 80%. For ion
energies giving the same R, values, nearly identical profiles
and threshold voltages are obtained using Si and Se ions,
despite the differences in the higher moments of the implant
distributions. We therefore conclude that bare-wafer Si and
Se ion profiles with energies related using Eq. {5) should
give identical MESFET device characteristics if effects due
to different activation, increased trap formation by the more
highly damaging Se ions, and other factors are identical or
negligible. If one chooses the Si and Se energies on the basis
of the TRIM or LSS range tables,® different device character-
istics may be obtained. Using matching R, values from the
LSS tables, one might choose a Se energy of 116 keV 1o com-
pare with 30-keV §i ions. Since the Se fon energy is lower
than required to match the measured profiles as in Fig. 7,
such a comparison would give marginatly higher transcon-
ductances for the Se ion-implanted devices, due to the slight-
ty iower energy and resuitant narrower profiles.
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FIG. 7. Comparison of Si and Se profiles for energies selected to match R,
values calculated by Eg. (5). The ion energies in keV are shown beside each
profile (the larger one being for Se). The numbers in parentheses are the
corresponding threshold voltages calculated for the pair of profiles, assum-
ing a constant dose and the same activation for both ions.
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B. Tilt and rolation dependence

We investigated the effect of varying the wafer tilt and
rotation angles 8 ;,, and 8, to reduce the magnitudes of the
channeling tails. Ziegler and Lever® have mapped the chan-
nel directions in Si (essentially the same lattice structure as
GaAs) using He backscattering. As a function of the rota-
tion angle, planar channeling should occur at 0%, 18°, and 45°
from the (001) pole, and axial channeling should occur at
various tilt angles for a rotation angle of 22°. The map sug-
gests that the best rotation angle, with a standard tilt of
about 7°, should be at about 9° or 36° from the major flat on
{611) for SEMI-standard {100} -oriented LEC GaAs. On
the other hand, the widest planar channel is the (011). To
avoid this channel, the impinging angle 6, o, given by®

tan &,,, = tan G, sin 6,,,, (6)

should be greater than about twice the critical angle ¢, giv-
en by®

. (planar) ~0.7,27Z,Z,¢’Nd ,a/E , (7

where Z, and £, are the projectile and target { =32 for
GaAs) atomic numbers, N is the target-atom density, d,, is
the distance between planes, and « is the Firsov screening
length. For 60-keV Si ions, 24, is equal to ~7°. For these
ions 8, is less than twice the critical angle for every tilt
angle less than 10° and every rotation angle, suggesting that
avoiding planar channeling is impossible for this implant.

However, the magnitude of the channeling tails possibly
can be reduced by keeping the tilt and rotation angles as
large as possible. Several authors have suggested using tilt
angles of at least 7° and rotation angles of 45° for implanta-
tion into Si and GaAs.»?*° Even if 8,,, is larger than 24/,
this will not completely avoid channeling, since partial chan-
neling results from the multiple collisions the ion undergoes
in the crystal. As an example, for 60-keV Si ions, the TRIM
Monte-Carlo code'’ calculates that after penetrating 10 nm
of GaAs, the distribution of ion angles is Gaussian (as in
most theories of multiple scattering?®) with a width
o, = 20°. Therefore, although one may use angies that di-
rectly avoid impinging on a channel, scattering into any
number of axial or planar channels is possible after the ion
enters the crystal. For high-index planar and axial channels,
the ton lifetimes in the channel are short. Nevertheless, this
type of channeling will contribute to the channeling tails.
Therefore, independent of the initial tilt and rotation angles
chosen for the implant, there will doubtless be some mini-
mum channeling tail.

We made a series of measurements at different tilt and
rotation angles. A simple goniometer was constructed for
our implantor that allowed samples, cleaved parallel tc the
wafer flat, to be implanted at precisely selected tilt and rota-
tion angles. The uncertainties in these angles are approxi-
mately + 1°. Samples were also implanted in a standard im-
plantor at 2 tilt angle of 7°. Here the different rotation angles
were obtained by bonding the samples to 4-in. 8i wafers at
the desired rotation angles, aliowing the simultaneous im-
plantation of six different rotation angles. The relative un-
certainties in these rotation angles are less than 1.5° (result-
ing from the accuracy of the bonding and the beam scan
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angle over the limited part of the Si wafer where the samples
were placed ). The absolute uncertainty is about 2.5°, due to
the placement of the Si wafer in the impiantor.

Figure 8 shows SIMS resuits obtained for 60-keV Si for
selected tilt angles, with a constant rotation angle of 10°.
Narrower profiles are obtained at large tilt angles for two
reasons: the reduction of ion channeling and the simple pro-
jection of the distributions onto the depth direction, accord-
ing to cos &, . For the small tilt angles shown in Fig. &, the
projection narrows the profiles by only 0.98, which is clearly
a negligible effect compared to the observed narrowing
between 2° and 11°. The broader width of the profiles at low
angles is due to a combination of axial and planar channel-
ing. One cannot completely avoid the channeling tails; for
@> 10, the profiles are nearly independent of the tilt angle
{aside from the projection effect}, but do not approach the
Gaussian, predicted for implantation into amorphous mate-
rial. Similar resulis were obtained for 100- and 240-keV Si
ion implantation into GaAs,'” and for implantation of var-
ious ions into Si wafers.*¢*

In Fig. 9, we plot the rotation-angle dependence for 20-
keV Be implantation into GaAs, for a tilt angle of 7°. Since in
this case 24, is ~ 11°, channeling into the (011) plane can-
not be avoided for any rotation angle at this tilt, although
slightly narrower profiles can be obtained at large rotation
angles, as is clearly seen in the figure.

For 200-keV Be ion implantation, 24, is 3°. With
Gun = T°, 81,0 18 greater than 24, for rotation angles greater
than 107, significantly reducing (011} planar channeling. As
is seen in Fig. 10, the profile for §° rotation is much broader
than those obtained for all other angles, in agreement with
this expectation. In several cases, we purposely implanted at
rotation angles to enhance channeling into minor planes
mapped by Ziegler and Lever.? Aside from the (011), the
most significant should be the (400) at a rotation angle of
45°. However, impinging on these minor planes is seen to
have no measurable effect on the channeling tails; identical
profiles are seen at nearby rotation angles.
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FIG. 8. Measured concentration profiles for 60-keV 5i ions implanted into
bare GaAs wafers at tili angles from 2°to 11°, for a constant rotation angle of
10° {except: 8,,, = 26°for 8, == 11°). The measured profiles are smoothed
for clarity.
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FIG. 9. Measured concentration profiles for 20-keV Be ions implanted into
GaAs for selected rotation angles from 0° to 45°, for a constant tilt angle of
7.

By implanting through amorphous overlayers, a reduc-
tion in the dependence of the implant profiles on the tilt and
rotation angles can be achieved.! The overlayer scatters the
beam sufficiently to reduce the fraction of ions directly im-
pinging upon the axial or planar channels. For example, the
difference between the profiles resulting from the 6., =’
implant and other rotation angles for 200-keV Be ions im-
pianted through a 45-nm cap 8i,N, layer is smaller than that
seen for the bare-wafer implants (Fig. 10).

C. Dose dependence

Due to the lattice displacements produced by the stop-
ping of heavy ions in crystalline GaAs, one can expect to
heavily damage the crystal in the region where the ion comes
to rest. At high doses, a profile that is closer to Gaussian or
Pearson-I profiles, predicted by the amorphous implant
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FIG. 10. Measured concentration profiles for 200-keV Be ions implanted
into bare and capped {45-nm Si;N,} GaAs wafers for selected rotation an-
gles from O° to 45° and at a constant tilt angle of 7°. The wide black lines
indicate the envelope of the data obtained for five rotation angles between 9°
and 45°,
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codes, should then be obtained.'® On the other hand, high
implant ion currents can cause the wafer temperatures to
rise, resulting in some self-annealing taking place, thus re-
pairing the damage, and resulting in the same relative chan-
neling tails being obtained for both low and high doses. In
some Si device fabrication processes, the crystal is purposely
heavily damaged tc suppress channeling. Producing heavy
damage in GaAs is not desirable, since residual defects
usually remain following the post-impiant anneal, resulting
in electrically active traps, low ion activation, and poor elec-
tron mobilities.

To be of use for the fabrication of MESFET devices, the
profiles calculated with our analytical formulas should be
valid for doses between 10'? and 10" ions/cm?, typically
used for the MESFET active channel. Doses higher than
10"* ecm™? are sometimes used to implant the source and
drain contact regions of MESFETs, but device characteris-
tics are not critically dependent on the shape of those pro-
files. To assure that the profiles are independent of ion dose
below the 10'? dose we used for most of our work, implants
of 3 X 10'? to 10'° ions/cm? were done. Figure 11 shows pro-
files for 100-keV Siions, normalized to same peak concentira-
tion. At higher doses, narrower profiles are cbserved. Yeo 7
al.?® obtained similar results for 120-keV Mg ions in GaAs,
and we obtained similar results for 40- and 200-keV Be and
25-, 60-, and 200-keV Si ion implants. The reduction of the
channeling tails is smaller for Be than for the more heavily
damaging Si ions. Consistent results are obtained below 10*
ions/cm?, so that the results given in Sec. III A for profiles
measured for 10" ions/cm? doses should be valid for im-
plant doses of 102 cm ™2

Selenium produces the most damage, and Se ion implan-
tation showed the greatest effect of increasing dose on the
profiles, as seen in Fig. 12. Between 10" and 5 10" jons/
cm?, the magnitudes of the channeling tails decreased, with
the reduction beginning to saturate above 18" cm ™% De-
spite the very high doses and resultant damage, we never
obtained profiles close to those for implantation into amor-
phous GaAs.'” This may be due to self-annealing effects as-
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FIG. 11. Measured concentration profiles for 100-keV *8i ions implanted
into bare GaAs wafers at doses of 103, 10%, and 10* ions/cm?. The profiles
have been normalized to the same peak height, 2X 18'7 cm ™.
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FIG. 12. Normalized, measured concentration profiles for 200-keV Se ions
implanted into bare GaAs wafers at doses of 10'%, 10", and 10'* ions/cm?.
Fitted Pearson-IV profiles, and a TRiM (Ref. 10} calculated profile for im-
plantation into amorphous GaAs are shown for comparison.

scciated with wafer heating for the high doses. (In the high-
current Se implants, the wafer temperatures became
sufficiently high to partially melt the photoresist used to
bond the samples onto Si wafers. )

Figure 12 suggests that 1o obiain narrower profiles, a
room-temperature damage implant with As (being similar
to Se) at 5 < 10" ion/cm” is sufficient. The additional dam-
age may result in high post-implant trap concentrations,”®
though there is some evidence that using As ions may result
in increased activation for subsequent Si implants.”’

. Dislocation density dependence

The commercial, high-pressure-grown GaAs wafers
used in our studies have typical dislocation densities of {3~
8) % 10¢ em 2% In a typical SIMS measurement, the sput-
ter crater diameter is about 100 um, so approximately six
dislocations are expected to be present in every measure-
ment. To investigate whether these dislocations might scat-
ter the implant-ion beam sufficiently to affect the channeling
tails,”® we compared profiles for low-dislocation, In-doped
wafers and conventional wafers,”® both implanted with 10
60-keV Si, 200-keV Se, and 100-keV Be ions/cm’. For the
(2%) In-doped wafers, varying dislocation densities are ob-
tained in the middie of the wafer (3000 em™2), in a ring
approximately 1 in. in diameter on a 3-in. wafer (500 cm™ 2y,
and on the outer part of the wafer (800 cm™?). We also
compared conventional wafers having a dislocation density
equal to 45 000 cm ™ 2. As seen in Fig. 13, identical implant
profiles are cobtained with all dislocation densities for Se.
Similar results are obtained for Si and Be implantation.

We conciude that the results obtained in Sec. IIT A for
implantation into high-dislocation material should also be
valid for implantation into low-disiccation, In-doped mate-
rial.

E. implantation through caps

In the fabrication of GaAs devices, implantation
through 40- to 100-nm Si;N, or Si0, encapsulants is some-
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F1G. 13. Measured concentration profiles for 200-keV Se ions implanted
into bare GaAs wafers with selected dislocation densities, obtained by using
In-doped GaAs wafers {etch-pit density == 500, 800, and 3000 cm ~*) and
conventional wafers (EPD = 45000 cm 7).

times done. These caps prevent the decomposition of GaAs
during subsequent post-implant annealing, and also prevent
the deposition of contaminants onto the surface and possibie
surface decomposition resulting from wafer heating during
the implant and other processing. We have seen in Sec. IH B
that implanting through caps reduces the dependence of the
channeling tails on the wafer rotation angle, a variable not
often accurately controlled in many manufacturing facili-
ties.

We have measured the profiles for Si, Se¢, and Be ions in
GaAs, implanted through 40-200-nm plasma-enhanced
chemical-vapor-depasition (PECYD) Si,N, and CVD SiQ,
layers. The estimated cap densities are 2.9 and 2.2 g/om’,
respectively,

For Be icns, implanting through caps mainly just shifts
the origin of the implant profiles. The range scaling theo-
ry*°?? was developed to describe the concentration distribu-
tions both in the cap C,,, (x) and the semiconductor C,.
Since the caps are amorphous, TRIM'® or other amorphous
profile simulators can be used to calculate those concentra-
tion distributions. In the underlying semiconductor, the
concentration is given by

C(JC) = Cv (x - tcapRp,s'/Rpcap)9 (8)

where x is measured from the surface of the semiconductor,
and R, and R, are the projected ranges of the ions in the
semiconductor and in the encapsulant, respectively. In the
present case, we use the Pearson-1V profiles, derived for im-
plantation into unencapsulated wafers in Sec. I A, to esti-
mate C,. The amorphous implants are usually described
analytically by Gaussians (8i and Se ions) or by Pearson-I
profiles (Be ions}. The ion dose lost in the cap is obtained by
integrating over the profile in the cap:

{leap
(I)Cim = j() dx’' Ccap (x", (9

and the concentration in the GaAs is then normalized to the
total implant dose © minus $,,.
For the ion range in the semiconductor, R, a choice
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FIG. 14. Measured concentration profiles for 50-keV Be implanted into
bare GaAs wafers and wafers with 45- and 79-nm CVD Si,N, caps, com-
pared with fits using the range-scaling theory, Eq. (8).

must be made whether to use the amorphous range, consis-
tent with K, or the larger, experimentally determined
projected range shown in Fig. 2, which is infiuenced by chan-
reling. In fitting the measured profiles of Be ions implanted
through caps, we find that using the amorphous range gives
better agreement with the data, as shown in Fig. 14, Similar
results are obtained for 100400 keV Be™ ion implants
through 50-20C-nm 3i;N, and 810, caps.

We have also calculated the amorphous ranges, and the
longitudina! and lateral straggling parameters using the
TRIM Monte-Carlo code.'” In this caiculation, about 2000~
5000 ion trajectories are followed, and the ranges are fif to
power-law functions of the ion energy, e.g.,

R, =AE® (10)

The parameters 4 and 8 determined for implantation into
GaAs, SisMN,, and Si0, are listed in Table . For caps with
different densities, one scales the three moments inversely
with density. For the densities listed, we generaily find that
the ratic of R, values in Eq. (8} is near unity for 8i,N, and
about 2/3 for Si0, encapsulants.

TABLE 1. Amorphous ranges R, straggling AR, and lateral straggling
AR,. Power-law parameters [Eq. (10)}°.

R AR

» r

AR,
Ion  Substrate®

4 B 4 B A4 B

Si*¢ GaAs 13.021 0951 13.461 0.777 11.477 0.8331
Si SN, 11.3187 0.883 9223 0.773 5371 0.870
Si $i0, 13.850 1.020 12.349 0.793 56.341 0519
Se¥  Gahs 6.049 0.932 4698 0.830 3423 0.860
Se 81Ny 7.853 0.802 3211 0.836 2.319 0.839
Se Si0), 11.499 0892 4.893 0.813 3.536 0.822
Mg GaAs 15,770 0.952 15.898 0.781 13.095 0Q.851
Mg 8i;N, 13.532 0986 13.175 0732 6596 0.881

Mg SiG, 17.901 1.002 15.381 0.779 8.765 0.903

Be® GaAs 54931 0846 47.144 0.647 55350 0.69%4
Be Si, Ny 47.828 0.882 39.607 0583 28388 (.724
Be $i0, 69.352 (.832 &0.177 0.576¢ 56.138 0.585

*The moments are in A, when the ion energy is in keV.
®Densities: GaAs: 5.32 g/om’; Si,N,: 3 g/om; §i0,: 2.2 g/em’®.
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The magnitudes of the channeling tails are reduced
when Si and Se ions are implanted through caps. This is
ilfustrated in Fig. 15, together with the method used to fit
this reduction. For 100-keV Si implants through 79-nm
8i,N caps, simply shifting the Pearson-IV profile, obtained
for implants into bare wafers, results in a larger magnitude of
the tail at large depths, though it accurately predicts the
shape of the measured distributions at large depths. We fit
the measured distribution by reducing the magnitude of the
shifted Pearson-1V {calculated using Eq. (8) ], by a factor of
0.25. For the remaining part of the distribution, a shifted
Gaussian, calculated using the TRIM parameters in Table [,
and Eq. (8} is used to describe the shift. Both the Pearson-IV
and Gaussian distributions are normalized o unity at
x = R, so the mixture can be described by a single param-
eter f

C(x) = (1 "—f)CsGaus (x) +fCSPIV (x> (il)

The net concentration is then normalized to the integrated
dose or to an arbitrary peak height, as shown in Fig. 15.

Presently, insufficient data exist to obtain 2 universal
parametrization for the parameter f. Probably, / depends on
the ratio of the cap thickness to R, in the semiconductor.
Fits for other 100-keV Si ion implants are shown in Fig. 16.
The Pearson-1V fraction is seen to decrease as the cap thick-
ness increases. Apparently, for the relatively deeper Be ion
implants, the cap thickness is not sufficiently large com-
pared to R, to observe a reduction in /. Also, electronic stop-
ping dominates the Be energy loss in the caps, so the Be ions
are not scattered as much as the Si and Se ions. As more data
become available for Si and Se implantation, further parame-
trization of this effect will be done.

F. Knock-on distributions

When one implants into GaAs through Si;N, or Si0,
caps, Si and N or O atoms are knocked forward by the im-
plantioninto the GaAs.''*! The “knock-on” Sirecoils in the
GaAs are additional donors, which add io the effective con-
centration of donors in the GaAs, while the O recoils can
either form deep-donor traps or can compensate the im-
planted donors.
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FIG. 15. Measured concentration profiles for 100-keV Si implanted into
GaAs through 79-nm CVD 8i,N, caps, compared with calculated fits.
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FIG. 16. Measured concentration profiles for 100-keV Si implanted
through PECVD Si;N, and one CVI3 SiG, cap into GaAs. The numbers
give the cap thickness in nm, and the numbers in parentheses give the Pear-
son-IV mixing factor / defined in Eq. (11).

it is difficult to measure the knock-on distributions, ex-
cept for high implant doses. In the SIMS analysis of GaAs
substrates, masses associated with O, N, and Si** typically
have large backgrounds. (Mass 28 is probably due to CO
molecules.} We have measured knock-on distributions for
an implant dose of 2 X 10'° 200-keV Se tons/cm? implanted
through 87-nm Si0, caps. This dose is sufficiently high so we
can measure knock-on 8i*° from caps having the normal
4.7% S8i*° abundance. The O knock-on distribution was
measured by taking the difference between the O found after
implanting through a Si0, cap and the O background found
after implanting through a 74-nm sputtered §i; N, cap. Simi-
lar Si knock-on distributions were observed for implants
through the 81, N, cap, but N atom concentrations could not
be measured.

Figure 17 compares the measured knock-on distribu-
tions with TRIM calculations. As usual, the Se ion distribu-
tion has a large channeling tail, though it is not as large for
these high dose implants, as it would be for a low-dose one

1020

1021 T T "" 1 T T T 1 L T T I T T T T
200 keV Se. 87 nmi SiOz Cap
1018
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1018l —
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FIG. 17. Measured (lines) and TRiM calculations (points) of the concen-
tration profiles of Se ions, and recoiled Si and O atoms, after implantation of
2 10" 200-keV Se ions/cm? through an 87-nm SiQ, cap on GaAs.
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(Fig. 12). The magnitudes of the 8i and O knock-on concen-
trations agree roughly with the TRIM calculations for shal-
low depths, but like the Se ion implants, they exhibit longer
tails than predicted by TRIM.

Since the recoil concentrations are largest at the surface
where channeling tails are still not significant, we conclude
that TRiM profiles may be adequate for simulating recoil-
atom profiles for MESFET process and device modeling.

G. Electron profiles

In much earlier work on ion implantation into GaAs,
comparisons were made between measured electron carrier
profiles and ion profiles, calculated using the LSS theory.”?
When diffusion effects during the post-implant activation
anneals were negligible, generally reasonable, gualitative
agreement was found between the L85 Gaussian profiles and
the electron profiles, with the exponential channeling tails
either not being observed, or being much smaller than what
we have observed in the atomic profiles.

It should be noted that ion implantation into semi-insu-
lating LEC GaAs is comparable to implantation into p~ sub-
strates.”® The intersection between the implanted shallow
donor and the background shallow acceptor profiles {typi-
cally N, = (1-6X10%cm ™ ?Cor > 10" cm > Cr} forms a
substrate junction, with a corresponding depletion region
extending toward shallow depths. This depletion region acts
to cut off the tails of the implanted donor distributions, re-
sulting in measured, near-Gaussian electron profiles.

We illustrate this in Fig. 18, where measured donor and
carrier profiles are compared with a calculated electron pro-
file, obtained by solving Poisson’s equation for zero bias at

T T = T =
I o, 100 keV Si
AN 5 x 1012 ions/cm2 -
850°C 15 min
Btjit_= 8° Brot = 10°

7= 80%
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F1G. 18. Comparison of measured Si*® donor profiles (solid line), resulting
calculated electron profiles [solutions to Paisson’s equation for #(x) with
zero bias; dashed line], and measured electron profiles, determined using
the C-¥ method {points). Also shown are the EL2, C, and Cr concentra-
tions assumed or measured in the calculations of n{x).

3437 J. Appl. Phys., Vol. 84, No. 7, 1 October 1888

the surface. The implants used were 5X 10'? 100-keV Si*°
ions/cm?, at 6, = 8 and &,,, = 10" into lightly Cr-doped
LEC GaAs. The implant was activated using an 850 °C, 15-
min capless anneal in an As overpressure, giving an activa-
tion of ~ 80%. We measured the Cr profiles in the annealed
wafers and found them to be about 3 X 10'° cm ™ ? in the bulk
and about 1 X 10" ecm™? at the surface, due to Cr ouvt-diffu-
sion, with a typical fall-off length of about ! um. We assume
no Si diffusion during this anneal.’® The calculated electron
profile is clearly in good agreement with the eleciron profile
measured using the capacitance-voltage (C-¥) method
down to concentrations of ~ 16" em ™.

Beyond this point, tails are observed in the C-V-mea-
sured electron profiles. The tails can occur as a result of
series resistance in the capacitance measurement when the
resistance of the depleted region becomes significant. Cor-
rections for this effect can be made by monitoring the phase
angie during the rf measurement or by making RC correc-
tions to the capacitance.® The latter has been done for the
C-Vprofiles shown in Fig. 18. However, a more fundamental
timitation of the C-¥ method at these concentrations is that
the width of the carrier profile under reverse bias becomes
comparabie to the Debye length, so that the approximations
upon which the C-¥ measurement of #(x} depends break
down. Care should be taken before attempting to relate tails
on C-V-measured carrier profiles to tails in the atomic-impu-
rity profiles.

For process and device modeling, it is important to be-
gin with the correct implant profiles. Although one can ap-
parently use LS8 or near-Gaussian profiles to qualitatively
predict electron profiles up to where the C-¥ profiles break
down, one should not use LSS profiles instead of atomic-
impurity profiles since the substrate junction will further
narrow the LSS profiles, giving unrealistic device character-
istics, as will be illustrated in a subsequent paper.

iV. CONCLUSIONS

Profiles measured for Be, Si, and Se implantation into
unencapsulated GaAs wafers at energies between 20 and 400
keV have been fit to Pearson-1V distributions, and the result-
ing fitting parameters were fit to functions of the ion energy
to derive simple, analytical formulas for implant profiles for
any energy between about 10 and 400 keV.

Profile measurements for selected wafer tilt and rotation
angles show that the narrowest profiles for a given ion energy
occur for tilt angles greater than 7° and rotation angles of 45°.
Implantation through wafers encapsulated with Si;N, or
$i0, layers reduces the dependence of the profiles on the
rotation angle.

The profiles are not dependent on the wafer dislocation
density for densities between 500 and 50 000 cm %, noron In
doping of the wafers.

Channeling tails on the profiles can be reduced slightly
for Si and Be ions by using high ion doses of either the bom-
barding ion or a similar, but electrically inactive, damage-
producing ion. Se ions have the greatest effect on reducing
channeling tails, although it is unclear whether the possibly
beneficial effect of reducing tails might be cutweighed by
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undesirable effects of trap formation, low ion activation, and
poor electron mobilities.

For Be implants through Si0, and Si;N, encapsulants
on GaAs, the profiles in the GaAs can be predicted by simply
shifting the profile for implantation into unencapsulated wa-
fers by an amount related to the cap thickness. For Si and Se,
our measurements suggest that the channeling tzils are re-
duced slightly by implanting through caps. We presently
have insufficient data to derive & universal function describ-
ing this reduction. The distributions of Si knock-on ions after
implantation through caps are predicted accurately using
TRIM Monte-Carlo calcuiations at shallow depths.

The results presented in this work have been incorperat-
ed into two process and device models, SUPREM 3.5 (Ref.
36) and GATES.” SUPREM 3.5 is a general process model,
designed to work in conjunction with Stanford University’s
one- and two-dimensional device simulators, SEDAN and
PISCES. GATES, standing for galiium arsenide transistor
engineering models, is 2 combined process and device mod-
eling program for GaAs MESFET technology. These mod-
els are both available to the GaAs integrated-circuit indus-
try.*¥
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