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Bulk acceptor compenéation produced in p-type silicon at near-ambient

temperatures by an Hy0 plasma
W. L. Hansen*, S. J. Pearton®st and E. E. Haller*s

*Lawrence Berkeley Laboratory and Dept. of Materials Science and

~ *tMineral Engineering, University of California, Berkeley, California 94720
(Received

We report the neutralization of the sha]]éw acceptors boron and
gallium in p-type silicon to a depth > 1 um after exposure to a H20
'piaSma'for three hours at temperatures as']ow.as 80°C. ‘Uncompensated
n-type siiicon is unaffected by the plasma treatment exc]ﬁding donor
formation. Exposure to either 02 or’H2 plasmas does not lead to
acceptor removal; however, sequential treatment in an 02 plasma fol-

' lowed by an H2 plasma produces the same effect as the HZO plasma while
the inverse sequence has no effect. Our observations can be explained
with a mode]bconsidering rapidly diffusing atomic oxygen and hydrogeh
which recombine on acceptor sites forming neutral A OH" complexes.

The model shows that acceptor compensation kinetics is dominated by the

diffusion of atomic hydrogen.

PACS numbers: 52.40.Hf, 61.70.Wp, 73.30.+y



Interest in positive charge effects upon electraon injection into p-Si
MDSC devices has recently been revived due to the»discovery'of a bulk

compensating donor [11], When electrons are injected either by electron

beams or by évalanche. a "turn around" (21 of the flatband voltage shift is 

observed which is due to the generation of positive charge:. [t had been
concluded (3. 4, 51 earlier that SiOH which resides at the §i0p-5Si
interface becomes positively charged as a result of electron irradiation

and is responsible for the positive charge observed. 8ah, et al. {11 have

shown that if the oxide is removed and a Schaottky junction is formed on the

same surface as was subject to ‘eIectron injection, capacitive trénsient
analysis shows that positive ch#rge is due alsc to a shallow bulk
compensating ddnor;_. | -

In a recent paper, Sah et al. [6] have attributed acceptor compensation
in boron-doped silicon fov the formation of B"HY pairs. However, in
numerous étudies [7-111 of defect compensatiaon in silican wusing atomic H
from plasmés or elecfrolysis, shallow écceptor compensation has never been
observed.. -

In order to.identifvxfhe species respdnsiblé for acceptor compensatian,
bofun-doped silicon samples were immérsed in various RF-induced plasmas at
low temperatures. The samples used are either Czochralski grown
(oxyqen«-lo18 cmf3) or float zone grown (oxygen < 1015 ¢n~3) and are
attached with In-Ga eutectic .solder to an aluminum plate in a two-inch
diametef silica tube for plasma exposure. The plasma is generated by a

13.56 MHz oscillator with an input power of 10 to 300 W, Typical expasure

conditions are three hours at 0.5 Tarr. The sample temperature during
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exposure is measured by a thermocouple inserted intoc the aluminum plate.
By controlling the RF power and by farced air cooling of the plasma tube,
exposure temperatures as low as 809C could be achieved. After plasma
exposure, small Al dots are eVaporatédvthrouqh a metal mask for Schottky
junction formation on the samples.

The net acceptor concentration of the Schettky diades'.is probed from
the sur%ace inward using a Miller profiler ([121. High and low oxygen
concenﬁration samples exposed to an O, or Hp plasma at 1459C for three
hours showed no changes in nef acceptor concentration when measured at
S00K. Howéver, samples” exposed to ah HA0 plasma showed acceptor removal
qualitétively similar to that seen using electran injectian. Figuré 1
shows the acceptor»coﬁcentf&ﬁion for three~hour exposures at 84°Cvand 1439C
and far an untreated diode. The results' Sre indistinguishable far bath
high and low oxygen samples. fn sharp contrast na vchanqes are observed
wh?n uncompensated n-type samples are exposed to the HZP plasnma.

The annealing behavior of the compensated acceptﬁr center is shown in
Figure 2. Dissociation af the neutral center begins below 150‘% and is
cnmblete wheﬁ heated to 185’0' for 1 hr. .These data also imply that
significaﬁt dissociation must occur during the plasma exposure at 1459C.
The dissociation temperature for the neutral center produced by exposure to
Ho0 plasma is similar to the temperatures found by Sah, et al., (11, for the
dissociation of the nedtral center produce& by electron injectian intovMOSC
devices.

The diffusian caonstant of the compensating center is found using (1513

Ny = Ng erfc(x/2 {Dt)



where Ng is the surface concentration and N, the concentration at x. cm of

the compensating center and t is the time in sec. Excellent fits to the
error integral can be.achieved»for each semple_when NS = NAf' The resulting
large values faor D suggest a rapidly diffusing interstital Species; . An
attempt was made te. compare DX with litereture values for the hydrogen
diffusion coefficient Iy but those data were found te be.‘toa widely
scattered to be useful. Consequently, new measurements of Dy were‘made in
the temperature range of interest. This was done by saturating eiiicon
samples at 10009C with Au (Ng = 3x1016, Nau = 3x1015). exposing these to a H
plasma and meaeuring the change in Au- donor COncentration with DLTS (131,
The exposure time to H plasma was selected toc minimize the errors in
determining Dy, Dy is found using [141]:
X = 5.4 {ogt

where X is the depth at which Ns/Nx>108 . Table I summarizes the results for
Dy and Dy.

The data of Table I are plotted in Figure 3 together with a raom
temperature value determined‘ by electrolysie (1S1. . Also shown are eurves
for Dy extrapelated from high tehperature (800-9009C) atomic H diffusion

"[161 and from lower tempereture ‘(400-500°C) _tritium out-diffusion (171,
The errors in determinieg Dy Ey Au donor compensation are much larger than
those in Dy due to the uncertainty in Np, and X. An estimate of these
errors is given in Figure 3.

The reeults presented in Figure 3 lead to the following conciusion:
(1) high temperature atomic hydrogen diffusion data (141 cannot be

extrapolated to low temperatures, (2) tritium out-diffusion (17] below
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5009C adequately represents low temperature H diffusion, (3) the
compensating center suffers from dissociation annealing above 1009 but Dy
approaches Dy below 1009C,  An explanation for these distinct temperature

regimes for Dy would be that at high temperature, Hp is unstable ‘and H

diffuses atomically and at low temperatures, H is recaombining to Hp either

directly or, more prabably, {hrough a recombination center (181,

The nearly identical results for the activation energy for the
dissociation of the compensating center upon electron injection (1] and Hp0
plasma exposhre suggests that the same center 1is involved in both

éxperiments. This observation is further reinforced by the fact that the

‘electron injection compensation center i's always associated with Hp0 (1-51.

Summarizing our experimental evidence, we conclude that the
éompensating center cannot be hydrogen but is most praobably the hydroxyl
ion OH*. This conclusion is alsc compatible with the results of electron

injection experiments insofar that OH is an abundant ion in practically all

-the silica used for MOSC gate insulators.

QH in 8i exhibits some similarities to Li0 in Si, to QGH in GeI[19-2i]
and to LiO in Ge [22,23]. In all these cases; 0 assumes the neutral charger
state, accepts a positive ion and becomes a shallow donor. However, QOH in
i is uﬁique in that free 0 binds to an acceptor instead of residing in the
lattice and thus, the resuiting center is only compensating and never
becomes a free donor,

The detailed mechanism of the formation of acceptor?OH centers may he
explained by the following sequence: if p-Siv is first exposed to an 09

plasma, then the 0» is pumped away and is replaced by an Hp plasma, acceptor



compensation is observed just~és with an H-0 plasma. The sequence is:

AT+ 0~ ADT

AD” + HT =+ AOH.

This would imply that 0 diffuses faster than H and that AOH formation

kinetics is controlled‘by tﬁe H” diffusion rate. Hvdiffuses slower than
would be extrapolated from high temperatures because‘of the reaction:
| H+ H~ H»p |
or because of H trapping. It can be concluded, then, that the reaction
0+ 00 |

cccurs much more slowly than H recombination or may not occur at all.

The anhealing of AGH has kinetics very similar to that of OH in Ge (211
and probably occurs because both involve removing H from a bound 0. The

dissaciation can be described by :

AQH =+ A0~ + HTt,
[t will be interesting to explore if the OH compensated acceptaor complexes

involve "dynamic tunneling® of hydrogen (201,
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FIGURE CAPTIONS

Fiqure 1. Bulk acceptor compensation as a resdlt’of three-hour exposure to
an Hp0 plasma at 0.5 Torr at the temperatures shown,

Figure 2. Annealing behavior of the compensating center Np normalized to

the bulk acceptor concentration Np. Initial curve is for 3 hrs. exposure

to Hy plasma at 1459C. Ny = 9.4 «x 1014 cn=3, Each curve is for éﬂseparate

sample annealed for 1 hr. at the indicated temperature.

Figure 3. bx compared with . Dg from various sources. Reference 16 is an
extrapolation from atomic H diffusion measured at 800-9009C. Reference 17
is extrapolated from tritium'out-diffuéion at v400-500°C. Reference 13 is

from electrolytic H injection at room temperature.



TABLE I
Summary of Measurements of the Diffusion Constant of the Compensating
Danor Complex Dy and for Atomic Hydragen

Dy,

o A

NA(ém'3) T(C) Dx(cm2 sec™!) .DH(cm2 sec“lx
9.4 x 1014(p) 84 3.0 ¢ 2 x to~13
9.4 x 104%4(B) 110 4.5 t .2 x 10°13
Cs.ax 10148 185 5.4t .2 x 10713
1.8 x 10l6¢p 145 3.3 ¢t .2 x 10713
3.2 x 10l8¢Ga) 145 3.3 ¢t .2 x 10713
3.0 x 1016(8) 84 6.7 x 10-13
3.0 x 1016(B) 110 3.1 x 10°12
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