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SCIENTIFIC PROGRAM

Thursday 39 November

8.00 Registration

8.35 Opening

Morning Session. Chairman: J.Schneider (Fraunhofer IAF, Freiburg)

9.00-9.20 N. Caglio, E. Constant (Université de Lille), J. Chevallier and J. C. Pesant
(C.N.R.S. Bellevue): "New process for the fabrication of GaAs FET using
neutralization of shallow donors by atomic hydrogen”.

9.40-10.00 N. Duhamel (C.N.E.T. Bagneux): "Electrical insulation by proton
implantation in IlI-V materials: Application to micro- and opto-electronics”.

10.20 Coffee break

10.50-11.20 W. C. Dautremont-Smith, S. J. Pearton and M. Stavola (A. T. & T. Bell
Labs Murray Hill): "Recent acrivities in hydrogenation of semiconductors™

11.40-12.05 J. Chevallier, B. Theys, A. Jalil, R. Rahbi and J. C. Pesant (C.N.R.S.
Bellevue): "Hydrogen disffusion and dopant newralization in II-V

compounds”.

12.25-12.45 J. Neethling and H. C. Snyman (University of Port Elizabeth): "TEM study
of the extended crystal defects in hydrogen-implanted GaAs".

13.15 Lunch

Afternoon Session. Chairman: E. E. Haller (Lawrence Berkeley Lab).

15.00-15.25 R. C. Newman (University of Reading) and B. Pajot (Université Paris 7):
"Localised modes of impurities and of their complexes with hydrogen in

gallium arsenide”

15.45-16.05 J. Weber (MPI-FKF Stuttgart): "Photoluminescence studies on

hydrogen-passivated GaAs".

16.25 Coffee break




1645-17.15  P. Hautojidrvi (Helsinki Institute of Technology) and C. Corbel (CEN
Saclay): "Positron annihilation spectroscopy of defects in as-grown and
irradiated GaAs".

17.35-18.00 J. J. Zavada (ERO London), H. A. Jenkinson (US Army ARDEC Dover).
R. G. Wilson (Hughes Malibu) and S. J. Pearton (A. T. & T. Bell Lubs

Murray Hill): "Dopant neutralization and defect decoration in
proton-implanted galliwn arsenide”.

20.00 Dinner

Friday 4'" November

Morning session. Chairman: M. Stavola (A.T.&T. Bell Labs Murray Hill).

8.30-8.55 N. M. Johnson ( Xerox Palo Alto and Universitdt Erlangen): "Charge state
of migrating hydrogen in semiconductors".

9.15-9.40 Th. Wichert (Universitdit Konstanz): "Detection of hydrogen in
semiconductors by nuclear methods".

10.00-10.25 B. Clerjaud, D. Céte, M. Krause, C. Porte (Université Pierre et Marie Curie

Paris) and W, Ulrici (Zentralinstitut fiir Elektronenphysik Berlin):
"Spectroscopic studies of H-related complexes in bulk I[l-V compounds”.

10.45 Coffee break

11.10-11.35  G. Deleo (Lehigh University): "Theory of interstitial hydrogen and
hydrogen-containing aggregates in silicon: Recent semiempirical calculations.

11.55-1240 T. L. Estle (Rice University) and R. F. Kiefl (TRIUMF Vancouver):
“Isolated hydrogen and anomalous muonium in semiconductors".

13.15 Lunch

Afternoon Session. Chairman: J. W, Corbett (SUNY at Albany).

15.00-15.25 C. G. Van de Walle (Philips Briarcliff Manor): " Theory of hydrogen
diffusion and reactions in crystalline semiconductors”.
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13.45-16.05 P. Briddon, R. Jones ard G. M. S. Lister (University of Exeter): "The
structure and properties of H complexes in GaAs, a-Si and Diamond".

16.25 Coffee break

16.45-17.10 J. 1. Pankove (University of Colorado at Boulder): "Pending problems with
hydrogen in semiconductors".

17.30 Concluding remarks by J. J. Zavada (ERO, London).
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INTRODUCTION

This Workshop is intended as a small meeting of people active in the field
of the interaction of hydrogen with dopants and defects in III-V compounds and
their alloys. New results and analyses will be presented and discussed and it is
hoped this workshop will provide a better understanding of the different ways
hydrogen can be introduced in III-V semiconductors, of the phenomena related
to its presence and of its possible use to improve the quality of devices.

The main subjects debated in this workshop will be:

- The practical use of hydrogenation, either by plasma introduction or by
proton implantation in the fabrication of III-V devices.

- The study by electrical »nd optical methods of the neutralization by
hydrogen of dopants in III-V compounds.

- The correlation between the distr.bution of hydrogen, its charge state and
the dopant neutralization.

- The nature and properties of point defects and extended defects related to
proton implantation.

- The consequences of the presence of hydrogen in bulk , MOVPE and MBE
materials non intentionally hydrogenated.

The presentation of channeling measurements which give a good insight of
the atomic Jocation of hydrogen in the crystal lattice is a natural transition to the
calculation of microscopic rmodels of the hydrogen complexes, first performed
for hydrogen in pure and doped silicon and more recently in doped gallium
arsenide.

We wanted finally this workshop to include a presentation of the new
important results on muonjum level crossing spectroscopy in silicon, gallium
arsenide and gallium phosphide. They provide information on the
configuration of anomalous muonium in these materials and the link with the
recent EPR results on isolated hydrogen in silicon could be considered as a
serious experimental indication of the bond-centred nature of hydrogen in the
pure materials.

This booklet contains the abstracts or extended abstracts of the talks by the
invited speakers and the reports we received from the other participants. We
have tried to classify them as follows:

1) Applications and iechnology.

2) General studies and electrical measurements.
3) Extended and point defects.

4) Vibrational spectroscopy.

5) Advanced nuclear methods.

6) Theory.

- w




HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN lll-V COMPOUNDS AND THEIR ALLOYS

Applications and Technology

N. Caglio, E. Constant (Université de Lille), J. Chevallier and J. C. Pesant: (C.N.R.S.
Bellevue) "A new process for the fabrication of field effect transistors using
the neutralization of shallow donors by atomic hydrogen".

N. Duhamel (C.N.E.T. Bagneux): "Electrical insulation by proton bombardment
in IIT-V materials: Application to micro- and opto-electronics”.

5. Cuig, L. Davis, W. 5. Duncan, W. 4. M. Rothweil, P J. Skevington 2inid G T. D
Spiller (British Telecom Ipswich): "The effect of cooling ambient on the

electrical activation of dopants in MOVPE of InP".

G. R. Antell, A. T. R. Briggs, B. R. Butler, S. A. Kitching, J. P. Stagg (STC
Technology Harlow), A. Chew and D. E. Sykes (University of Teciinuiogy
Loughborough): "The passivation of Zn acceptors by hydrogen during
MOVPE growth".

Ph. Collot and Ch. Gaonach (Thomson CSF - LCR Orsay): "Non-intentional

neutralization of dopant in GaAs by CH,/H, reactive ion etching”.
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through the decrease of the free carier concentraticn which s aczcrmranied

by a simultaneous increase of the electron mebility. It is the zcal of wn:is

raper ‘o describe how to realize field effect t‘ransistcr by using
phenomera. In a first part, the fabrication process first used ‘o real.ize

Gais MESFET is presented, then, we describe the

has been used to optimize this technelogical pr s
descrive tne first realizaticn of AlGaAs/CaAs MISFET tased <upcn the

neutralisation ef donors by atomic hydrogen.
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The process can be described as fellcows. we start frem a sis

o

ighly doped Gats epilayer. After the mesa and the source and drain chmi:z
contacts fabrication, a protecting dielectric layer is depesitead ani we
proceed to the gate lithography. The gprccessed sargie is then expesed
hydrogen plasma for hydrogen diffusion in the ncn-protected reg

fydregen diffusion results in the neutralisaticn cof a more or less lzrge
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ncf the silicen deners depending on the piasma expesure parareter
As the nmeutralisaticn becomes nmere effective, the electren =mctility

increases. After the gate depcsiticn, the Zevices are espected 2 have l:.
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A very simular groccess has been Uzed

relize 0.4 un gate HFZT but electronic lithegraphy has Deen evgpizied.

Figure 2 shcws the static

(2]
O

rregponcding gn value measwed for oa constant
vcltage of 2 voits is as high as 280 aS/mm. A
characterizaticn cf these devices h

evperiments [Sites & al, 138C). Applying this technic to
2

an electrcn mebility cf 3800 cam®/v.s. {a the active layer

. -3 . R
acccunt a deping level cf 5.0 ¢cm deduced {~sm gate-scurce caracliiance,
b

cf these ‘transisicrs fn the high fregquency reg
Carbrine & al, 1%87]). The cut-cff freguency s higher than 15 CHz and 23

1.2 um and 0.4 um respectively. The Righ freg.enczy
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£s neutralisation in Si dop
metal-insulator-semicconductor field effect transistor (MISFET)
usually fatricated cn an undeped (AlGais/Gais) hetercsirucic
twe-2imenmsicnnal gas (2LEG) is induced in a potential well at

cf the pesitive gate vcitage. we start

dcped AlGars epilayer (for gesd chmic centacis and low access resistanczes)

as descrite Fig. 3. 3Before gate depesiticn, we expese, with Si N as

ectriz layer, the actlve region i» an hydrocgen plasma, in oride
( at

with a rate>i2C). In this firs:

realization, we succeed to observe a negative resistance (Fig.S!,
an impertant phenomenon of this compcnent. But, we must say, ©
and hyperfreguency performances are disapcinting. we hepe, in a next
reallization, improve these results with making a change in the layver

structure.

CONCLUSICN

=e have presented new types of field effect transister based zn the

neutralisaticn of shallcw donors ty atemic hydrcgen in the active re

the static and the high frequency characteristics can be ccnsidered as very
encoura2ging. A mcre extended study !s necessary ‘o cptimize the process and
to evaluzle jts potential use in microelectronics

=2 evpect glve ycu mcre detalls cn the different points cf this rpeper

Farticulary z<n the last werk (MISFET and necdeling methed), in the cral
zz-zunt,
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TATION BY PROTON EOMBASIMEN

LosatacAL

APPLICATION TO MICRO AND

N. DUHAMEL

lentre Naticral! 4'Etudes des

Laboratoire de Bagneux

19£ avaaue Henri Ravera - 92020 BAGNEUX - FZANCE

[0}

The successiul design and fabricatisn cf III-V integrated circuits regu
a high degree of electrical jnsulation between closely spaced active
devices. Tihls can be dcne by :
gselective implantaticn of the desired dopant ion3s through a suitadle mask
mesa etihing ¢f the active laver
. ilon {zplentation induced damage
However, the two first techrnigues produce an insufficient ingulatien which,
for exanmple in GaAs MESFET ctechnelogy, leads to variation in d{nsvlation

voitage, or to the well known detrizental backgatring effect. This

‘e

icant

relatively low degree of electrical insulation can result 4in signt

circuit design contraints 4ncluding an iacrease in the =
rules.,

In the third case, which we will detail, non~-dopant ions are implanted fata
the active laver, the crystal lattice 13 damaged, trap centers zare created
wiitch compensate the shallow dopeants. The quality of insulaticn depend cn
several parameters : the material cf the active laver (GeAs, In?,
InGaAs...), its doping level, the implanted species (43, D, B, 0} and che
{cplantaticn and annealing conditions.

T~0 test structures can be used to measure the resistance of implantazion
irduced damage layers : a vertical geometry test structure esployed by
several werkers /1,2/ and a laseral gecmetry which reflects the structures
of technelogical interest /3,4/. In the first geometry, since the bulkx c?
dcped [I1I-V material has a zuch lower resi{stance than cthe demage laver,
values of vesistivity can easily be deduced from the zeasure of the curreat
flow from the fronc to the back conzact of the sample as a fumcrion ¢
appifed voltage, In the second configuration only {nsulation resistance can
te Jdeduczed withcu® sany hypothesis on layer thictkness and current sath but
this  rzelstance (s the wmost {Tportant paradeler i characterie acn

fnsulavizn for micrrelectrenic zomponancs.

b
23As ¢ In GaAs, the insulation resistance s nfgher thaa 10

ritin bembardment /5/ or Boren {zmplantation /i, Thus prottns or

2zroa {:5 1ave been surcessiully exploved for device insglatizn 4o Saas

e vt e
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However, profons hav:s the

an imsulation stadle {n a small temp2rature range nly. Baron isms show
stadility up to SCO°C /1,5/, wnile pratons reash anly 42077,

sulti-eneryies hombardaments /7/., Another point to Se underlined

ideradle Jdocrease in insulaticn for doses higher than an optimun

s2 due t2 an enhan.ed hopping conduction. In the case of active lave:
MESFET (r=ix13"'2"ca” '), cthe optimum dose {s arcund sx10M%ea™ fer protans
/5/ and about Lxloll'n_z for Boronm 1icns /4/. This means that, when using
3cron, the implantation time is reduced by three orders of megnitude for :the

ame izplamzation curtieng,

L

dowever, Cue to their advantage of being the lightest ions, protons ave used
where thizk camaged layers are required. For example, at CNET Leboratcries,
proton Dombardment L: routinely performed in cthe hecerciunction bdipelar
transistors (EBT) tecnnclogy for device insulatfon and also for delimiting
the registive paths into the at collecter layer /8/. 1z has alse teen
utilized in HBTs process to reduce extrinsic base-collectsr capacitance and
thus to improve their -igh speed performance /9, 10/.

irnally, we discuss 'ne of the first use of proton bombardzant in devices
i.e. the f{crmaticn ¢ geripe-geometry GaAs/GaAlids haterostructure lasefs

/117 4in a simple techrslogical process.

InP and a..nys : Cowming now to other III-V cempounds, espectally

InP and Indads, for :he purpose of interdevice insulation, implantacic

ol

induced camaze 1is cunparable in GaAs and p type InP : reafstivicies of
U)E.cm can be obtalned by proton bombardment /12/. However, in n-type InP,
the maximum resisfivi:y which has been reported for proton bombardment is
about 2x103 S.em /li/vntle in In -GalnAs the increase of shaeet resistance
after hydrogen or Be-an implantations, is too small to produce effeccive
insvlation {n nmost otical or electronic InGaAs devices /12/. Thus, :he
asulatien {s one <® the major problems to be solved before a wviadle
teshnolcgy of medium complexity c¢ircuits will be established in :zhese

naterisls. Thereby, ' IaP technology, protcn bombardaer: has oaly been used

-~

nophotsdatection /l- or in lasers /1%/, i.e. in p-tvpe InP material.
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cterised using the electrochemical greol
mass spectrometry (SIMS) . 3oth MIVEI c¢r
ulk crystals were studied znd found to =
found thet if ZsHy was present In the ¢
amblernt, the doring level was lcwer By Up to an order cf
<han if PH3 waes used, which in turn gazve a dopring level I
to a Zactcr of 2 than cbtained with E, alone.n-type InP &
-tyce Gaks did not zppear to be affected.
SIMS anzlysis showed that this e‘fec* was caused ky eleczrical
c tivation rather than loss c¢f the dopant sgecies. Sigrifican:
guantities c¢f ateomic H were found in samples expcsed to the
nydrides during cooling (figure 1), consistent with their ¢
teing catalysed by the semiconductor surface. We suspect zhese
Thencmena to be caused by deactivaticn of the dopant by cor
formation with H, as observed by Johnson et al. [2] in 3zks

t0 a hydrogen plasma.

n introducing p-dopant precursors into the cooling ambient a
imilar lowering of doping level was observed. Hcwever, SIMS
nalysis could detect no atomic H in such a sample. A summary cf
ome ¢f our findings is listed below:

Ul [\I (h [9]

. Doping level of p-Inp depends on cooling ambient such that:
Asﬂ3)<p<Pd3)<p(ﬂ2)
Doping level can be restored by heat-treating in

Effects common to MOVPE epilayers and bulk crystals

Tre drcp is not due to loss of depant

M2anitude of drop is proportioral to criginal deping level

No effect seen in n-InP or n- or p-Gahs

Atomic H is found in samples coocled in hydricde ambients, such
2t H(AsHz)>H (PH3)

simllar effects seen in samples cooled in deopent precurscr

In these samples the criginal dopant diffuses out &and is
eplaced by depant frcm the ambient~NO H IS FCUND

@ T DRV W I\)’Uo—a

g .

" oM

To cecrelude, we have seen thet the electrical activity ¢f g-dcrants
in InP is strerngly influenced ky the cooling ambient and that the
relative ccrcentraticns of atemic 3 feund in crystals cccled in
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The Passivaticn ¢f Zn Acceptors in Inp
by Hyd:rogen_During MOVPE Growth

G R Antell, A T R Briggs, B R Butler, s A Kitching, J P stagy.

A Chew*, D E Syxes* STC Technology., Harlow, Bssex.
*Loughborough Consultants Ltd.. University of Technology
Loughborough. Leicestershire

The hole concentrations in 2inc doped InP single layers grown
by MOVPE sre reasonably stable when annealed at about 400°C.
When 2 similar type of layer is grown and then capped by a layer
of lattice matcred p type InGaAs during the same run it is found
that the hole concentration has been reduced by about a factor
6f 3 or more and that this can be restored to the higher value
by annealing.

At first iU was thought that this phenomenon might bes due to the
rapid Qiffusion of intenstitial zinc between the InP and InGaAs
layers. SIMS analysis of a specially grown structure showed
unequivocally that there was no movement of zinc.

Atomic hydrogen was the next most obvious candidate as a cause

for the reductior in thi¢ 2¢CeOlAr Foficenl rat fnn hnr 1iva
coencidflivd ¢o be unlihuly fur Lle roliowifny redsons:

1) There was no obvious source ¢f atomic hydrogen in the
MOVPE growth.

2) The InP was grown in a predominantly hydrogen ambient and
Yet InP layers could be grown with carrier concentrations
less than 10'%car? and mobilities in excess of
200,000 volt sec cmr? at 77°K and thus were almost
uncompensated. To produce the reduction of the acceptor
concentration in p type InP would require more than
10'%cm~? of hydrogen.

Despite these arquments the above test sample was re-sxamined by
SIMS and hydrogen was detected in the p type InP layers.

Further studies soon established that the arsine which was
present during the growth of the InGaAs capping layer was the
gource of the atomic hydrogen and that this hydrogen was trapped
in the InP mainly during the cooling down stage after the
completion of growth. .

It {e postulated that the H-P bond in InP is stronger than that
of the As-H bond in Asy when in contact with the

semiconductor surface and thus hydrogen can be trapped in InP at
temperatures where AsH, is still cracking.

The passivation of zinc acceptors in InP which has been
overgrown by a layer of p type InGaAs can be avoided by the
following methods:




1)

2)

1)

~-16-~

Rfrer growth is complete the sample can be ccoled as
normal in an AsH -H ambient to about £03°C at

which point the AsH is switched off and cooling
continves in H, .

Grow an additional layer of InP on teop ¢f the [nGaAs and

cool in the normal Pr,-H, amblent.  The
additional InP layer can be removed by a selective etch.

Grow an addtional layer of n type InGakAs on top of the p
type InGaAs and cool as normal in an Asf -H

ambient. In this case the diffusion rate of hydrogen in
n type InGaAs is much slower than in p type InGahc and
thus prevents the hydrogen at the surface froem reaching
the underlying InP layer.
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HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN 1il-V COMPOUNDS AND THEIR ALLOYS

General studies and electrical measurements

W. C. Dautremont-Smith, S. J. Pearton and M. Stavola (A.T.&T. Bell Labs Murray
Hill): "Recent activities in hydrogenation of semiconductors”. Invited talk.

J. Chevallier, B. Theys, A. Jalil, R. Rahbi and J. C. Pesant (C.N.R.S. Bellevue):
“Hydrogen diffusion and dopant neutralization in III.V compounds”.
Invited talk.

N. M. Johnson (Xerox Palo Alto and Universitit Erlangen-Niirnberg): "Charge states
of migrating hydrogen in semiconductors”. Invited talk.

N. Pan, M. S. Feng, K. C. Hsieh, S. S. Bose, G. S. Jackson, G. E. Stillman and N.
Holonyak, Jr. (University of Illinois at Urbana): " Impurity and structural studies
of hydrogenated GaAs and GaAs/Si".

G. Pensl (Universitit Erlangen-Niirnberg): "Activities on hydrogen passivation of
defects in silicon".

ke A
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RECENT ACTIVITIES IN HYDROGENATION OF SEMICONDUCTORS
W. C. Dautremont-Smith, S. J. Pearton and M. Stavola

AT&T Bell Laboratories, Murray Hill, NJ 07974, US.A.

M.V SEMICONDUCTORS
GaAs

Passivation of donors:
— magnitude and depth dependence of passivation, dependence on donor concentration

— thermal stability/reactivation kinetics, dependence on donor species, proposal of donor - H
direct bonding passivation model

— H/D in-diffusion SIMS depth profiles, dependence on donor concentration, effects of
various doped epi-overlayers

— variation in correlation between elemental and electrically active depth profiles with type of
plasma exposure (ow frequency vs. high frequency vs. microwave)

— defect generation
— depth dependence of electron mobility changes

— depth dependence of donor reactivation

Passivation of acceplors:

— magnitude and depth dependence of passivation, efficiency relative 10 donor passivation

— thermal stability/reactivation kinetics

— H/D in-diffusion SIMS elemental depth profiles, effects of variously doped epi-over layers

— correlation of elemental and electrically active depth profiles, influence of type of plasma
exposure

Passivation of deep levels:

— passivadon of electron trap deep levels in MBE GaAs, shown by DLTS

— thermal stability exceeding that of shallow level passivation

— associated photoluminescence efficiency increase, particularly in AlGaAs capped layers

AlGaAs
Passivation of donors:
— passivation of Si and Te donors

— thermal stability/reactivation kinetics of Si donors
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Passivation of deep levels:
~— passivauon of the DX center

~— thermal Kability/reactivation kinetics of DX, shown 10 be basically the same as for Si
donors except for exhibitng a distribution of dissociation energies

~— supporied model of an isolated donor in a non-unique site, in a region of inhomogeneous
alloy composition

GaAs-on-Si

Passivation of defects:

~— increase in the reverse breakdown voltage of Schouky diodes

~ only panial passivation of interface-originating dislocations

~— comparison of the effectiveness of H diffusion and H implantation + anneal
InP

Passivation of acceptors:

~— evaluation of various H permeable surface protection layers
~— soong passivation of acceptors

~— thermal stability/reactivation kinetics

~— SIMS depth profiling of H/D diffusion inio p-InP and correlation with passivation depth
— photoluminescence study of passivated p-InP

ELEMENTAL SEMICONDUCTORS
Si

Shallow level passivation:

— passivation of thermal donors

— vibrational specrroscopy of acceptor-H and donor-H complexes in Si

— thermal stability of donor-H complexes

— uniaxjal stress determination of the symmetry of donor-H and acceptor-H complexes in Si.

~— determination of the kinetics of the motion of H between bond - centered sites around the
B atom in the B-H complex in Si
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HYDROGEN DIFFUSICN AND DCPANT NEUTRALIZATION IN III-V CCMPOONIS.

J. CHEVALLIER, B. THEYS, A. JALIL, R. RAHBI, J.C. PESANT
Laboratoire de Physique des Solides de Bellevue
1 place Aristide Briand, 92195 MEUDON (France)

T ERES

We are currently studying the hydrogen diffusicn process and the neutraliza-
ticn of shallow dcopants by hydrogen in various I1I-V crystalline compounds
and alloys (GalAs, InP, GaAlAs).

These =studies are very usefully completed by high resolution infrared cpti-
cal spectroscopy to get information on the microscopic descripticn of the H-
dopant complexes (Coll. with B.PAJOT, GPS-ENS Paris).

Applications of the dopant neutralization by hydrogen are investigated in
collaboration with other laboratories (for the HFET see the work presented ty
E. CONSTANRT and N. CAGLIO from the University of Villeneuve d’'Ascqg).

- LPE grown GaAs:Si(p+*) (M.C.BOISSY, RTC Compelec, CAEN)

- MOCVD and MBE grown GaAs:Si (n+) and GaAlAs:Si (n) (R. AZOULAY, CNET EA-
GNEUX; C.W.TO, ATT Bell Laboratories, MURRAY HILL)

- MOCVD grown GalnAs/InP: Zn structures (B. ROSE, CNET BAGNEDX)

Hydrogen is introduced from a R.F. hydrogen plasma:
Tsacwple = 100°C - 300°C, R.F. power = 0.01-0.04 W/cm?2
Hydrogen detection is performed by SIMS analysis (CAMECA IMS 3f system).

Results: The close correspondence between the net acceptcr concentration and
the hydrcgen concentration in the plateau region for diffusion temperatures
up to 300°C (1,2] 1is a signature of a H-acceptor pair formation (Fig. 1 and
2). Its existence up to 300°C supports the idea of a relative thermal stabili-
ty of these combplexes and then suggests that H-acceptor interactions have to
be taken into account in the hydrogen diffusion modelling:

Cecrereteg PR o
Geal-hs 1P 2- e 20min

DLUTLRIUM  CONCLNTHATION [cm™3)

DLUTLRIUM  CONCENTHATION (Al.7em? )

0 1 2

CEFTH I, ~)
/

i8]
o
w
>

Fig. 1 - D concentraticn profiles in p* Fig. 2 - D concentration profiles
type GaAs: Si (p=1019%m-3) expcsed to in a GalnAs/p-InP: Zn structure
R.F. D plasma fcor 90 win. exposed to R.¥. D plasma for 20 min.

e T T
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In n-type Gats:Si, the hydrogen diffusien study has been perfcrzed betwe
200 and 300°C. These profiles are close to an erfc functica. The diffusicn
ccefficient has an activation energy of 1.38eV.

DCPANT NEDTEALIZATION:

. Results: In p-type GaAs:Si and p-type InP:Zn, the electricel activity c¥t
the acceptors 1is significantly reduced after hydrogen diffusicen. This is zc-
ccopanied by an increzse of the free hole mobility (fig.3) (2]

1 ¢ 3 £
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Temzeratite Ky
Fig. 3 - Hole mobility vs T curves for Fig. 4 - Temperature deperndence of
an InP:Zn epilayer before (a) and after n and dn in a Gao.7:Alo.25As:85i
(b) hydrogen plasma (8h,200°C)followed alloy before and after hydrogen
by an annealing (5min.,275°C) plasma exposure.

The transport properties of GaAs:Si (n) and GallAs:S5Si (n) after hydrogena~
tion show a drastic reduction of the shallow donor concentraticn. Moreover,
in the GaAlAs:Si alloys, D-X centers are also neutralized (fig.4) in zgree-
ment with previous DLTS experiments [3,4]. These D-X centers are more effi-
ciently neutralized than the shallow donors for x= 0.25 so that, in such a
passivated alloy, the transport properties are mainly governed by residual
shallow donors [4]. An increase of the electron mobility is observed after hy-
drogenation as in GaAs:Si(n).

The increase of the free carrier mobility in p-type and n-type naterials is
due to a reduction of the ionized impurity concentration due to the transfor-
pnation of dopants into neutral H-impurity complexes. In hydrogenated InP:ZIpn,
the hole mobility is somewhat smaller than the hole mobility in hydrcgen free
material with similar net acceptor concentrations. The hole mobility limi-
ting factor in InP:Zn,H is partly attributed to the concentration of ionized
donors present in the starting material. This assumption is supported by the
absence of hydrogen passivation of ionized silicon donors in p-type GaAs:Si

[1].

BEFFRENCES

[1) CHEVALLIER J., PAJOT B., JALIL A., MOSTEFAOUI R., RAHBI R. and BOISSY M.C.
1988. Mat. Res. Soc. Symp. Proc. 104, 337.

(2] CHEVALLIER J., JALIL A., THEYS B., PESANT J.C., AUCOUTORIER M., ROSE B.,
RAZMIERSRI C. and MIRCEA A. 1988, Proc. of the 15th Int. Conf. cn Defecte in
Semiconductors, BUDAPEST.

(3] MOSTEFAOUI R., CHEVALLIER J., JALIL A., PESANT J.C., TUO C.W. and KOPF R.F.
1888, J. Appl. Phys. 64, 207.

(4] NABITY J.C. STAVOLA M., LOPATA J., DAUTREMONT-SMITH W.C., TU C.W. and
PEARTON S.J. 1987, Appl. Phya. Lett. 50, 921
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ATES CF MIGRATING EYDROGEN IN SEMICCONDUCTCRS=>

CHERGE S

3

N. M. Jchnson®>
Institute of Applied Physics
University of Erlangen-Nirnberg
D-8520 Erlangen, F.R.G.

A fundamental issue that continues to <challenge our under-
standing of hydrogen in crystalline semiconductors is the guesticn
of whether migrating hydrogen can exist in different charge states.
Given below is a summary of the experimental evidence that bears on
this issue, with emphasis on the most recent studies; calculations
cf the electronic states of H in semiconductors are presented else-
where in this workshop. (Here, the symbols H*, H°, and H- designate
charge states of possible complexes involving interstial H and host
atoms.) To date, the subject has been addressed almost exclusively
in Si. However, t.e techniques and issues identified in Si shculd
be applicable to compound semiconductors.

Depth profiles of diffused H or D in §8i display several
distinctive features. In p-type Si the D profile typically displays
a plateau at the uniform B concentration with the depth of D
penetration egualing the depth of B neutralization [1]. No such
plateau accompanies shallow-donor neutralization in n-type Si [2].
The D closely tracks a nonuniform B profile in p-type Si but not in
counter-doped n-type Si [1]. Such features have been interpreted
with the hypothesis that H possesses a deep-donor level within the
bandgap so that H migration in p-type Si includes electric-
field-assisted diffusion of H- and neutralization of boron proceeds
by the reaction H-+B- -> (HB)® [3,4].

The dramatic effect of a space-charge layer on B neutralization
in Si has also been interpreted in terms of the deep-donor model
{3-6}. Both in Schottky diodes that were bias-temperature stressed
after hydrogenation [5) and in n*-p junction diodes that were
reverse-biased during hydrogenation [6] it was shown that B8
neutralization occurs preferentially in the p-region at the edge of
the bias-dependent depletion layer. While this can be ascribed to
the drift of H+* in the depletion layer, it does not by itself
establish the existence of mobile H* since B neutralization could,
in principle, involve H°® and free holes [6].

Studies of hydrogen immobilization in Si p-n junctions have
provided further evidence for the deep-donor model [7-%9). The
space-charge layer was used to reveal charge-state or Fermi-level
effects during hydrogen migration by variations in the depth
profile of the total H concentration. In nv-p Jjunctions, the
distribution is highly structured with features that depend on a
reverse bias applied during H migration. The features represent
accumulations of H in excess of the B concentration and must
involve the migration of an H+~ species. Most of the accumulation is
in the form of highly immobile neutral entities, which are proposed
to be hydrogen pairs, Ha. Formation of Haz by the conventional
reaction 2H°® -> H» is, by itself, incapable of accounting for the
structure in the depth profiles. However, the results can be
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explained by postulating <that the competing reacticn H7-H® o>
Ho-h~, where h- denotes a free hcle, beccmes dominant in p-type Si.

Cepth cgprofiles of D in unifcrmly-doped n-type &1 and in
epitaxial n-n layers suggest that H may also pecssess a
ceep-accepter level within the Si bandgap [9].

In a new approach to the study of hydrogen migraticn,
electrical measurements ere now being conductead during
hydrogenation [8]. The principal value of such ‘rreal-time"
measurements is the ability to study the charged species as it
migrates <hrough the material rather than attempting to infer the
charge state of the migrating species from the properties cr
formation kinetics of the various stable H-related complexes. To
illustrate, the resistivity of p-type Si (SOS) was observed :o
increase with time after exposure to monatomic hydrogen at 300°C.
If the (HB)® complexes are completely dissociated at 300°C, the
increase in resistivity should reflect compensation due to
in-diffusion of H*. Similar results have been obtained on n-type Si
(SO0S) at 300°C (10}, which suggests compensation by migrating H- if
H-donor complexing can be neglected. Clearly, in-situ measurements
can provide direct access to the properties of migrating hydrogen.

In compound semiconductors the plateau in the depth prcfile of
diffused D at the uniform acceptor concentration, which has been
observed in p-type GaAs:2Zn [11), p-type GaAs:Si [12], and p-type
InP:2n (13], provides the only available evidence to suggest a
bandgap donor level for H in these materials. It 1is anticipated
that this situation will soon change.

=) Work supported by the Alexander von Humboldt Foundation, F.R.G.

) Permanent address: Xerox PARC, Palo Alto, CA 94304, U.S.A.
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DPURITY AND STRUCTURAL STUDIES OF HYDROGENATED GaAs AND GaAs Si

N. Pan®, M. S. Feag, K. C. Hsieh, §. §. Bose, G. §. Jazkson®
G. E. Stiltmun, and N. Holenyak, I,

Cantee for Campound Semiconductor Microelectonics

Department of Elecerizal and Computer Enginesning
Univeristy of Llinois at Urbana-Champaign, Urbana, IL 61801

Hudrogeradorn of CaAs and AlGaAs is found to result in a significant change of the ¢elecrical and
optica! preperties. Much work has been focused an the hydrogenation of various dopants in GaAs and
AlGuAs, However, there Rave bean few reporis on the structural and optical properues of these maienals
after hydrogenation.

In this work, the effects of hydrogenation on the residual smpurities in high purity n and p-type
GaAs will be reviewed. The sampies were characrarized hefars and afrer hydragenaton using
compicmentary characterization techniques; photothermal ionization specuroscopy (PTIS). low temperyture
phetolumincacence (PL), capacitance-voltage (C-V), wd Hall-effect measurements. The effects ot
hydrogenaton and subsequent annealing on GaAs grown on Si have been charecterized by CV Hajl.effact
measuremenis, and ransmission electron microscopy (TEM). Previous results in which hydrogenation
was used 10 realize isclation rewions in single and multiple stripe geometry lasers will 2!se Se dexcribed.

Alizr hydrogenation, the concentration of Si donors and Si acceptors that are preseng in GaAs show
adecrease. Carben acceptors in both GaAs and AlGaAs show a large decrease. TEM reveals that the
hydsogen plasma slightly etches the surface of GaAs and energy dispersive spectrocscopy shaws an arsenic
deficient surface. The effscts of hydrogenation is observed 1o be more dramatic on GaAs grown on i,

{tis specuiaied that twins and dislocations are responsible for providing a path {or significant hydrogen
accurmulation. The lasers produced using the hydrogenation process are unifonn with low thresheld currents

and cw room temperature operation.

* Present address : Raytheon Research, 131 Spring Soeet, Lexington, MA 02173
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Chalcogen double donors in Si

Telleriunm, selenium, and sulfur Zorm isolated defects andé
pure impurity pairs in n-type silicon which act as double
aonors. Their activation energies have been determined by
Hall effect ~,DLTS ~, and IR absorbtion measurements /1/.
The electrical activity of all tihese double donors can be
completely removed by hydrogen passivation /2,3/. The hydro-
genation was wiriormed by a remo:te microwave plasma e.g.

at 150°¢ for 30 min. The reactivation of the donor activity
was studied for the neutralized sulfur double donors by

the rapid isothermal annealing technique. The reactivaticn
energies for the isolated S-impurity and for the pure S-pair

have approx. the same values; they result in

of+, _ o of+, _ + .
Ea(s ) = La(SZ ) = 2,120,155 eV /3/.

From the annealing kinetics, it appears that a single hydrogen
atom bonded at the defect site is sufficient to remove both
energy levels of the double doncr center. The large reactivation
energies suggest that the hydrocen is strongly bonded at the
defect site.

Yapsir and coworkers /4/ have recently performed cluster
calculations of isolated sulfur-hZydrogen-complexes in silicon.
They predict two stable configurations containing one and

two hydrogen atoms, respectively. The hydrogen atoms bond to
the nearest silicon atoms and irteract only weakly with the
sulfur. Already the inclusion of one hydrogen atom moves the
ground levels of the double doncr complex below the valence
band edge. DLTS investigations &are therefore not suited to
decice which of the two stable configurations is advantageously
forred by the hydrogenation process. Optical investigaticns

are in preparation to clarify this open guestion.
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xygen-related cefects in S.

licen, the oxygen csntent may reach cconcentraticns
2-10'8 en . The cxygen i1s mainly inccrporated
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into the Si lattice on electrically inactive interstitliazl sites.
Juring heat treatments, cxygen fcrms ciusters Or preciyitates
which act as donor traps. “Thermal Donors®” (ID'3) and "lNew Cxycen
Donors" (ND's) are generated in tne temperature range of 30 -
SOOOC and 530 - EOOOC, respectively. The TD's appear &s discrete
peak in the DLTS spectrum at appr:zx. T = 55 K. Hydrogena
at 120 - 300°C for 30 min leads t> a maximum reduction cf the
TO concentration by a factor of asprex. 5 /53/. This amount of
TD passivation is not a drastic eZfect and does not support

those TD mocels which explain the TD activity by broken $i bonds.

The DLTS spectra of ND traps indicate the presence of deep

levels that are continuously distributed in energy. Intensive
DLTS studies have been performed on the passivation of ND traps
/5,6/. It has been demonstrated that energy levels with

EC ~ E2 200 mev { EC = conductior band edge ) can be completely
removed and that energy levels with energies EC - E £ 200 mev

are only partially reduced. This bpehavior supports our suggestion
that the continuous energy distribution of the ND traps is
compesed of two different types of energy states. We suggest

that interface states at the surZace of Siox-precipitates as well as
bound states in the Coulombic wells of fixed positive charges
which reside in the Siox-precipitates contribute to the D traps.

References :

1. G.Pensl,G.Roos,C.loln,F.Wagner : Defects in Semicond.,ed.
H.J.von Bardeleben, Materials Science Forum 10-12 (1986)p.911

2. G.Pensl,G.Roos,C.Holm,E.Sirtl,N.M.Johnson : Appl.Phys.
Lett. 51(1987),451

3. G.Pensl,G.Roos,P.5tolz,N.M.Jokason,C.Holm : Mat.Res.Soc.
Symp.Proc.104(1988),241

4. A.S.Yapsir,P.Deak,R.X.Singh,L.C.Snyder,J.W.Corbett,T.M.Lu :
submitted to Phys.Rev.B, Aprii 1988

3. K.H6lzlein,G.Pensl,M.Schulz,N.¥.Johnson : Appl.Phys.lLett.
48(1966),916

6. G.Pensl,i.Schulz,K.Hdlzlein,W.3ergholz,J.L.Hutchison
Appl.Phys.A, Nov.i988
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HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN IlI-V COMPOUNDS AND THEIR ALLOYS

Extended and point defects

J. H. Neethling and H. C. Snyman (University of Port Elizabeth): "TEM study of the
extended crystal defects in hydrogen-implanted GaAs". Invited talk.

P. Hautojdrvi (Helsinki University of Technology) and C. Corbel (C.E.N. Saclay):
"Positron annihilation spectroscopy of defects in as-grown and irradiated
GaAs". Invited talk.

J. M. Zavada (E.R.O. London), H. A. Jenkinson (US Army ARDEC Dover), R. G.
Wilson (Hughes Malibu) and S. J. Pearton (A.T.&T. Bell Labs Murray Hill): "Dopant
neutralization and defect decoration in hydrogen-bombarded gallium
arsenide”. Invited talk.
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TIM STUCZY Or THE HYDRICGIN
J H BLING and H C SNYMAXN
Department ¢f Physics, University cf Port Elizeabe:zh,
P O Bcx 1600, Port Eiizabeth, 6000, South Africa

‘g

rcren bombardment of GaAs has become a standard techrnizgue in the
i

ct
abr

Hh

caticn of various optoelectronic devices. Because the point
and extencded defects introduced during bcmbardment

irfluence the electrical properties of the device, the

¢f the nature and distribution of the implantation

important.

Cress-sectional transmission electron microscopy was used to
investigate the crystal structure at and rnear <the end cf the
rrojected range of 300 keV protons implanted at 7° cfI the
GaAs [CCIJ to total doses of 5x1015, lxlO16 and lxlo17 B oenc.

In the low dcse (1015-1016 H+ cm_z) samples, no visible defects
were observed without arnealing. After a 15 minute anneal a+
500°C, defects in the fcrm of black dots became visible. wish
further increase in temperature (500 to 7M% °0), +hac. “lanv 3-u-
grew in size and were analysed to be hyvdrogen gplatelets f(i.e.
hydrogen filled vacancy loops) on the {110} plares cf GaAs.1

In the leo15 ul cm-2 samples annealed at 800 °C and abcve cr the

1018 gt en? samples anrealed at 55 °C and abcve, the damage
precipitation was heterogeneous consisting not only cf platelets
but also containing damage rafts (i.e. three dimensicnal
dislocation =~ vcid cluste:s).3 The damage rafts were fcund to
censist of planar arrays of voids on the {110} plames and were
elengated alcng the <110> directions. It was progcsed thas damace
afts nriginzte at microsplits cn tre {110} =leavag

Gaas fcllcwing the cracking ozen c¢f small hirdrogen Zilled

plztelets when the internal gas pressure exceeds thas which

. L3
necessary fpr crack propagation.

s d. ,...___J
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were fcund to act as

ile dislocaticns,
siip rlanes intersecting the rafts cn the {11{} planes,

as usually demonstrated Icor

a a
source. The c¢lissile é&islocations generated at the ralits were
found to ¢lide over distances of abeout lum during the

cf anneal at temperatures in the range of 500 to 800 °C.
In the high dose samples (lO17 H+cm-2) the radiaticn damage was
cetectable in the TEM without annealing. Upon annealing the
¢iffuse damage structure changed gquite markedly with increasin

temperature and at 580 °C hydrogen ©platelets, voils,

diclocations and extrinsic Frark loops became visible.

In conclusion it is suggested that upon implantatio
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atoms diffuse interstitially until trapped at lat
created during implantation. Upon sukseguent anne
temperatures of 2060 °C and above, the hydrocen atoms teccrme mokile
and leave the vacancies. At 300 °C, the temperature whe

coalescence starts to take place, the platelets are fcr

cooperative coalescence of vacancies and hydrogen a<cms.

Mocdels will be presented to explain the absocrption oI hidrcgen

atoms at platelets and to calculate gas pressures in platelets.
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Positron Annihilation Spectroscopy of Detects In As-Grown and
Irradiated GaAs

P. Hautojarvi
He!sinki University of Technology Laboratery of Physics
02150 Espoo, Finland

C. Corbel
Centre d'Etudes Nucléaires de Saclay, INSTN,
9118t Gif-sur-Yvalta, Cedéx, France

Positron lifetime spectroscopy give information on vacancy-type
cetects in the bulk. No positran trapping is obssrved in as-grown Si,
whereas in lll.V compounds positrons have revealed high
concentrations ({>1016 cm3) of native vacancy defects. In LEC-grewn
GaAs positron trapping in monovacancy defects is seen in n-type, but
not in p-type not In semi-insulating crystals. The defects are removed
by annealing above 700 K. They are identified as As vacancies. Two
Fermi-lgvel controlied transitions have been feund in positron lifgtme
spectra at 0.032 eV and 0.10 eV below the conduction band. They have
been attributed to (2-1-) and (-/C) ionisation {evels of the As vacarcy.

A bsam of low-energy positrons can be used to profils
vacancy-type  defects in near-surface regions. This technique
combined with ion bsam maethods (NRB and RBS) hes been applied to
characterize damage and hydrogen profiles in n-type Si(100) implanied
with 1018 35.100 keV H* ionsicm2. The damage distrivutions do not
correiate with the deposited energy distribution. A vacarcy-type
defected cverlayer is sesn close o the surface well above the range cof
H atorms. Similar experiments are going on in hydragen-imasiarted
semi-insulating GaAs(100) and preliminary results will be discussed
in the workshop.
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Fecently, considerable interest has focused cn th
) in GCaAs since it has been established that H can
allov and deep impurity dopants in the crystal. E
perfcrred to introduce H into device structures to
performance and into crystal growth procedures to procduce higher
Gats epilayers. Implantation of H into n-type or p-tvpe Gais is a
Frocessing technique that has been useful for electrical device is
surface passivaticn, and uptical index definition. Hcwever, mcst
ation studies have centered on damacge defects induced by the :impl
£

o b

crystal.

h

t D @
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In a grier study, we have examined the post-implerntation behavicr c
in n+ GaAs(Si) using secendary icn mass spectrometry (SIME) and inf
reflectance measurements., It was shown that implanted H is redistri
with post-implantetion furnace annealing and produces optical el
associated with carrier removal [1].

ar

thotF g
[ 3

Here we first repcrt on the properties of H implanted into p+ GahAs(2Zn)
crystals &and the subsequent behavior with post-implantation annealing.
Depth profiles for both H and 2n atoms, &s a functicn cf anneal temper-
ature, have been determined using SIMS. Infrared reflectance measuremerts
indicate little, if any, change neutralizaticn associated with H micration
into the substrate. FResults of these experiments with p+ GaAs(Zn) are
compared with data obtained for H in n+ GaAs(Si) and with related studies
invelving plasma hydrogenation.

The second part of our &resentation concerns the redistributicn cf
implanted H ions in GaAs multjlayer structures due to pcst~implantaticn
anniealing. Several different multilayer structures have been investigated
including GaAs-on-8i samples and GaAs/AlAs superlattices. In each experi-
ment, SIMS measurements show that post-implantation annealing causes the Y
atoms to undergo a redistribution and to accumulate at interface regicns
within the crystal.

Fcr the GaAs-cn-Si samples, a major accumulaticn cf migrating hydrogen
hes been measured at the GaAs/Si hetero§6nter§ ce [2). This accumulaticn
reaches ccncentrations in excess of 107 H cm and is ctable even at
temperature of 700°C., Wwith materials having such a larce lattice misrmat
(4%), it can be expe.ed that the interface regicn wculd contain a hi
density ¢f defects and dangling bends leading to trargping cf H atern
However, the experiments with the GaAs/AlAds superlattices show that even a
heme-expitaxial interface cen produce s:imilar effects [2). wWhile the
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effects [3). Wwrnile the numerous material interfazces in these multilaver
structures affect the rigration cf the atoms, the Gaks befer layer/Gars
substrate interface arpears to be the mecst importent. hi interface
impedes the migraticn cf oms into the substrate arnd :e:al's them at
concentrations c¢f zkcut 107 H cm 7, even after arnnealing et 50C°C. In
either experiment, the accumulation of H appears to be due to the benéing
cf H with dislocations and crystal imperfecticns created during the iritiezl

stages of epitaxy.

These findings are used to form a gualitative model for the behavicr
of H implarnted into GaAs. Irnitially, the majority cf H deccrates crystal
damage within the implanted region. Duriny pcst-implanation anneesling, H
atoms are released from the damage centers, migrate to cther regicrs of the
crystal, and zre trapped either by different damace centers or by impurity
atoms. Charge neutralization is due to ion irradiation effects, as well as
to trapping of H at impurity dopant locations. The redistribution of
implanted H is a complicated process depending on many parameters inciuding
damage concentration, dopant level and dopant species. Further experiments
are needed to clarify the relative importance cf these parameters.

[1] L.L. Liou et al, "Infrared Study of Hydrogen- ard Carbon~implarted
Heavily Doped, n-Type Gahs", J. Appl. Phys. 59, 1936 (1986).

[2] S.J. Pearton et al, "Effects of Atomic Hydrogen Incorpcration in
GaAs=-on-S£i", J. Appl. Phys. (To be published).

[3) J.M. Zavada et al, "Redistribution of H and Be in GaAs/AlAs Multilayer
tructures with Post-Implantation Annealing”, J. Appl. Phys. (To be
published).
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HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN 1lIl-V COMPOUNDS AND THEIR ALLOYS

Vibrational spectroscopy

R. C. Newman (University of Reading) and B. Pajot (Université Paris 7): "Localised
modes of impurities anu their complexes with hydrogen in gallium
arsenide”. Invited talk.

B. Clerjaud, D. Céte, M. Krause, C. Porte (Université Pierre et Marie Curie Paris) and
W. Ulrici (Zentralinstitut fiir Elektronenphysik Berlin): "Spectroscopic studies of
H-related complexes in bulk III-V compounds”. Invited talk;

B. Pajot (Université Paris 7): "Spectroscopic investigations of the
neutralization by hydrogen of dopants in III-V compounds”.

W. Ulrici (Zentralinstitut fiir Elektronenphysik Berlin), R. Stedman (University of
Lund), B. Ulrici (Zentralinstitut fiir Elektronenphysik Berlin), B. Clerjaud and M.
Krause (Université Pierre et Marie Curie Paris): "Hydrogen in LEC-grown GaP
and possible relations to oxygen".

C. P. Herrero and M. Stutzmann (MPI-FKF Stuttgart): "Infrared and Raman
studies of hydrogen passivation in silicon”.

J. Tatarkiewicz and M. Stutzmann (MPI-FKF Stuttgart): "Hydrogen vibrations in
semiconductors”.
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LOCALISED MODES OF IMPURITIES AND OF THEIR COMPLEXES
WITH HYDROGEN IN GALLIUM ARSENIDE

R.C. Newman® and B. Pajot+

*J.J. Thomson Physical Laboratory, University of Reading,
Whiteknights, Reading, Berks RGE 2AF.

+Groupe de Physique des Sclides de 1'Ecole Normale Supérieure,

Tour 23, Université Paris 7, 2 place Jussieu, 75251 Paris Cedex C5, France.

The lattice locations of isolated substitutional dopant atoms with a low
mass in GaAs can be determined by measurements of their infrared localized
vibrational mode (LVM) absorption using high resolution Fourier transform
spectroscopy. It is =a good approximation to assume that second nearest
neighbours are stationary so that the angular frequency of a mode may be
written as o =leImp*(meﬂ-1], where Mimp is the mass of the impurity, Mmn is
the mass of the nearest neighbours and the parameter yx depends on the local
bending and stretching force constant% . Thﬁre is a_large impurity isotope
shift, (e.g. between say Si and Si and H and “D but there are also
measurable frequency changes when nearest neighbour isotopes are changed.
Atoms occupying Ga lattice sites (As neighbours : "“As, 100% abundant) produce
sharp lines, whereas broadened 11&55 with structure occgf for atoms occupying
As lattice sites (Ga neighbours: ~ Ga, 60% abundant and '"Ga 40% abundant).

When impurity hydrogen pairs form the symmetry is reduced from Ta (to say
C3v) so that the impurity will have a longitudinal mode w, along the pair axis
and a doubly degenerate transverse mode wt. The modified local bonding will
change the local force constants : a reduction in the frequency of an LVM
indicates 2 corresponding reduction in the force constants. It should be
remembered that stretching force constants are about ten times greater, and are
therefore more important, than the bending constants . If the frequency is
lowered too much, the mode will become incorporated into the lattice continuum
and will not be detected. The impurity modes will also be lowered in
frequency when hydrogen is replaced by deuterium. In general the presence of
a static charge on an impurity in a covalent host should not change the
strength of the IR 1ntegrat?g) absorption appreciably compared with that
produced by a neutral i{mpurity “°. Thus reascnable conservation of integrated
absorption is expected when hydrogen-impurity pairs are formed, and the
strength of w. should be about twice that of ws.

For the paired hydrogen, longitudinal and transverse modes are also
expected. The ratio r of a hydrogen frequency wH to that of the corresponding
deuterium mode wp gives information about the mass of the atom to which the
hydrogen is bonded. Although most of the kinetic energy will be in the
H-mode, the impurity can also move and transfer energy to cther neighbours.
It follows that the value of r will be smaller than the value calculated for a
diatomic molecule. Finally, the application of a uni-axlal stress along
certain directions will remove the double degeneracy of both the impurity and
the hydrogen transverse modes.

These topics are 1illustrated for the systems Beca-H'? and Sic;-H(‘) in
Gahs.

e e
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MBE GaAs doped with Be to a concentration of 3.7xlO:eCm-3 was fully

cormpensated by 2MeV electron qirradiation. The ~BeCa impur;}ies gave a
symmetrical LVM line at 482.4cm  with a half width A of 0.5cm  as expected

fer an impurity on a Ga lattice site. The integrated absorption was
characterized by an apparent charge of »=1.120.le, in agreement with previous
measurements on LPE material. However, as-grown material containing Bela

appeared to show a much stronger LVM line with n=1.7e. The line was shifted
to a lower energy by 0.3cm™ and most unexpectedly the value of 4 increased to
1.0cm . These differences have now been resolved by recognizing that the
line shape is an asymmetric Fano profile. Following hydrogen diffusion from a
plasma the Be LVM is reduced in strength and a new line appears at §35.7cm™!
for Be-H and at 553.6cm ' for Be-D. Only one line is found, implying that
either wi or wy has been lowered into the continuum. Taking account of the
Fano effect the new line has about 2/3 the absorption lost from the isolated
Be(Tda). Only one high frequency LVM line from hydrogen is found for Be-H at
2037.1cm™' and Be-D at 1471.2cm ', giving r=1.38 which implies that the
hydrogen is bonded to a host lattice atom and not a "Be impurity (r=1.386 for
Zn-H). This is undoubtedly a stretching mode and so the transverse mode must
be soft, i.e. at a frequency less than about 300cm °. Recent calculations
support these interpretations and 3?11 be discussed in a separate paper. It
is also concluded that the 555.7c¢cm  mode should be identified with wi rather
than wy, Thus the Be is tri-co-ordinated, while the H atom bonds to an
adjacent As neighbour. It appears that re-orientation of the Be-H pair may
occur as A for the Be-H (2037cm ) mode is greater than that for Be-D.

s For Sica-H, there is again only one mode from the paired Si at 409.85
cm™’ (and 409.45cm™ for Si-D). As there is evidence for direct bonding of
the hydrogen to the Sica atom, it was thought at first that the local force
constants might increase so that both wy and wr would be greater than
w=384cm ° for isolated Sica(Td). Recent theory indicates however that one of
the Sica bonds to an As neighbour breaks, in which case wy would occur at a
low frequency and would not be observed. Both wr and wl are observed for the
paired hydrogen, and silicon isotope effects are evident on ww. Recently it
has been shown that the line ascribed to wiL is indeed doubly degenerate
indicating that the defect has Cav symmetry.
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SPECTROSCOPIC STUDIES OF H-RELATED COMPLEXES
IN BULK M-V COMPOUNDS

B. CLERJAUD, D. COTE, M. KRAUSE, C. PORTE

Laboratoire d'Optique de la Matiére Condensée, Université P. et M. Curie
4, place Jussieu - 75252 Paris Cedex 05, France

W. ULRICI

Zentralinstitut fir Elektronenphysik der Akademie der
Wissenschaften der DDR, 1086 Berlin GDR

All the GaAs, InP and GaP materials grown by the liguid-encapsuled
Czochralski technique show series of infrared absorption lines in the 2000
em-1 range for GaAs and in the 2200-2300 cm-1 range for InP and GaP. These
lines are due to local modes of vibration of hydrogen related complexes,
involving As-H or P-H stretching modes of vibration (il. In indium phosphide,
some of the complexes involve dopant impurities [2| whereas some others involve
lattice defects [3]. In gallium arsenide, no correlation could be found with
any dopant and probably most of the observed lines are related with complexes
involving hydrogen and lattice defects [4]. The acceptor impurity related
complexes are believed (1] to be of the bond center type first proposed by
Pankove et al. [5] for the boron-hydrogen complex in silicon. In order to learn
more about the complexes involving lattice defects, we have performed infrared
measurements under uniaxial stress. The results of these experiments together
with the other properties of the center suggest that the 2001 cm~! line observed
in GaAs is due to the binding of an hydrogen atom by an As dangling bond in
a gallium vacancy [6]. The same type of defect involving an indium vacancy
in indium phosphide has a local mode of vibration at 2202.4 cm~! [7). The
microscopic structure of the other complexes involving lattice defects is not
fully understood yet.
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Spectroscopic investigations of the neutralization by hydrogen of
dopants in ITI-V semiconductors.

Bernard Pajot

Groupe de Physique des Solides de 'ENS, Tour 23, Universiié Paris 7. 2 place Jussieu.
75251 Paris Cédex OS5

This work has been done in close collaboration with the Laboratoire de Physique des Solides
of CNRS Bellevue and with the laboratories of the Centre National d'Etudes des
Télécommunications at Bagneux. We also acknowledge collaboration with the Universiry of
Reading.

At GPS, we have primarily studied the infra-red absorption of the hydrogen-related modes in
I0-V semiconductors plasma-treated or implanted with hydrogen. The frequencies where
absorption is observed, eventual natural isotope effects and the ratio of the frequencies when *H is
replaced by 2H (the r-factor) provide informaton enabling to identify the atom(s) to which
hydrogen is bonded. Once done, it is generally possible to establish the structure of the complex
involving hydrogen and to relate it to the neutralization of the dopant atom. The structure can be
also deduced or confirmed by measurement of the absorption of polarized radiation by the sample
under uniaxial stress.

We summarize here the main results obtained using low-temperature infra-red absorption with
Fourier transform spectroscopy.

1) Silicon donors in GaAs

a) Neutalizaton by hvdrogen of n-tvpe GaAs:Si
High-resolution measurements have shown that H was bonded to Si on the Ga sublattice.
From these results was proposed the location of the hydrogen atom on the ant-bonding site and
the neutralization of the electrical activity by localization of the donor electron on the Si-H bond.
Uniaxial stress measurements proved to be in agreement with the trigonal symmetry expecied
from this centre in the GaAs lattce.

b) ton implantation in p-ty, As:Si
The Si-H bending mode already observed in H-plasma neutralized material is also found in H*
implanied material at ambient. The co-existence of this mode with modes of H-related defects
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show that in H™ implanted GaAs:Si, a small part of the carrier removal already arises from cirec:
neutralization of dopant by hydrogen. This fraction increases under annealing up 10 a point where

carrier rimovel fdines uly from dopant neutraiizauon.

¢) Silicon donors in Ga, , Al As
Substitution of Al to Ga atoms usually lowers the symmetry of the close environment of the
trigonal centre. hence removing the two-fold degeneracy of the Si-H bending mode. This and the
different splittings from the different arrangements of the Al atoms produce many lines near the
position of the single line in pure GaAs. Analysis of the structure informs on the actual probability
to find a given configuration as compared to the one derived from the Al concentration alone.

2) Acceptors in Gallium Arsenide and Indium Phosphide

a) The formation of hydrogen-dopant complexes in p-type [I-V complexes is a two-step
process resulting from i) compensation of acceptors by hydrogen and ii) complexing of
hydrogen with acceptor dopant driven by coulombic interaction. Specwoscopy shows that this
pairing is achieved by covalent bonding with hydrogen in a bond-centred configuradon.

b) Silicon in p-tvpe GaAs
The lines observed in p-type GaAs:Si neutralized with hydrogen are ascribed to the stretchin g
mode of hydrogen bonded to Si in the As sublatice. The r-factor indicates however some
coupling berween hydrogen and the nearest neighbour Ga atom. No interaction is found berween
hydrogen and the residual Si donors, showing that in GaAs, the formaton of complexes with
dopant atoms is possible only when these atoms are electrically active.

¢) Acceptors in the cation sublattice
The observations for Zn in GaAs an in InP as well as for Be in GaAs are explained by the
binding of hydrogen to the group V atom nearest neighbour of the acceptor. The interaction
between hydrogen and the acceptor seems so weak that it can be thought of as tri-coordinated.

d) Temperature effects and line width
No temperature-dependent structure is found for hydrogen lines with all the acceptors when
temperature s raised. This could be interpreted as a consequence of an "on-line" geometry of the
H bond along the <111> direction. The dependence of the width and position of the lines on
temperature reflects the coupling between the complex and the lattice and a part of it can be
explained by steric effects. An interpretation of the results is on the viay.
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Hydrogen Vibrations in Semiconductors

Jakub Tatarkiewicz’ and Martin Stutzmann

Max-Planck-Institut fiir FestkOrperforschung
Heisenbergstrafe 1, D-7000 Stutigan 80, FRG

'permancnr address: Institute of Physics, Polish Academy of Sciences,
al. Lotnikdw 32/46, 02-668 Warszawa, Poland

The possibility of passivating many points defects in a large variety of different semiconductors by
introduction of atomic hydrogen has spurred new interest in this simple impurity and its bonding pro-
perties. However, no general approach 10 hydrogen bonding in crystals has been developed so far. In
ourrecent paper [1] we have shown that a simple model of a harmonic cscillatorembedded in a dielecaic
medium enables us to predict hydrogen vibrational frequencies in semiconductors as well as in ionic
crystals. Here we present the next logical step in the extension of our model: instead of using molecular
hydrogen vibrational frequencies w_to predict corresponding hydrogen frequencies in crystals @, we
estimate (cf. e.g. [2]) the force constant k of the harmonic potential V= kx? from the dissociation energy
D (3] and the bond length a 3] of the corresponding free diatomic molecule: k~D/a’. In the previous
paper [1] we used a correction due to the depolarizing field produced by the vibrating dipole in a cavity
inside the solid. However, in the case of semiconductors this correction is smaller than the error of the
estimate. Hence in the presentmodel we plot (see also Table I, where Awindicates hydrogen band width)

Table ]
Crystal Bond D a VD/a w, o, A® Ref.
keal/mol A vev/A cm? cm! cm
Si SiH 71.4 1.520 1.158 2042 1996 200 4]
SiC SiH 71.4 1.520 1.158 2042 2090 150 31
CH 80.0 1.120 1.664 2861 2920 25
Ge GeH 66.8 1.588 1.072 1834 1886 125 (6]

GaAs GaH 68.0 1.663 1.033 1604 1711 100 (6}
AsH 65.0 1534 1.094 2130 1998 100

ZnSe ZnH 195 1.595 0.577 1608 1315 150 (7]
SeH 73.0 1.470 1.210 2400 2150 50

ZnTe ZnH 19.5 1.595 0.577 1608 1215 100 (8]
TeH 48.2 1.520 0.951 2250 1655 25

ZnS ZnH 19.5 1.595 0.577 1608 1680 100 (9]
SH g1.4 1.346 1.396 2200 -

CdTe CdH 16.5 1.780 0.475 1337 1205 100 (10]
TeH 48.2 1.520 0.951 2250 1730 25

Cds CdH 16.5 1.780 0.475 1337 1265 150 [11)

SH 81.4 1.346 1.396 2200 2450 100
GaP GaH 68.0 1.663 1.033 1604 1849 25 (12]
PH 82.0 1.422 1.326 2365 2204 25 (13]
InP InH 59.0 1.838 0.870 1476 - -
PH 82.0 1.422 1.326 2365 2204 25 [14]
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the observed hydrogen vibrational frequencies in crvstals w_as a function of the square root of # As
shown in Fig. 1 this procedure gives an excellent fit, except for the group Ia metals (Zn and Cd). On
the other hand, if we plot hydrogen molecular vibrational frequencies w_ vs. vk (Fig. 2) we getamuch
worse fit. We also notice that the molecular frequencies in zinc and cadmium hydrides are much higher
than they should be if calculated from the simple model of the harmonic oscillator. We explain this fact
by the metallic character of these bonds, as opposed to the covalent character for other bonds considered
here. Finally, let us note that experimental data for ZnS has been obtained fer a crysial grown in hydro-
gen atmosphere [9], whereas in all other materials hydrogen was inroduced by implantation.

We conclude that our simple model applies to all covalent semiconductors, permitting easy pre-
dictions of hydrogen vibrational frequencies in these crystals. This can be of some help for future studies
of hydrogen in various semiconductors (see e.g. {15]), where the vibration energies are still unknown.
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INFRARED AND RAMAN STUDIES OF HYDROGEN PASSIVATION
IN SILICON

C.P. Herrero and M. Stutzmann
Max-Plack-Institut fiir Festkorperforschung
Heisenbergstrasse 1, D-7000 Stuttgart 50, Federal Republic of Germary

We have studied the hydrogen passivation of B-doped Si by means of infrared reflectance
and Raman scattering. The samples used were bulk doped with boron concentration
between 1 x 10'® and 1.2 x 10?° cm™3.

The IR reflectance of the doped and passivated samples was measured in the region
of the {ree-carrier plasma edge. After passivation, a shift of the plasma edge to lower
wavenumbers is observed, corresponding to a decrease of the free hole concentration.
The interference pattern observed in the IR specira of the hydrogenated samples allows
us to deduce the thickness of the passivated region. Moreover, the decay of this in-
terference pattern is directly related to the steepness of the H-profile in the passivated
samples. With these three variables (hole concentration in the surface, depth of the
passivated region and steepness of the H-profile) we can fit the experimental reflectance
spectra for different B-concentrations and times of exposure to hydrogen. A typical
experimental spectrum together with a calculated fitting is presented in Fig.1. The cal-
culated profiles agree well with those obtained by means of SIMS!. So, IR reflectance
provides a direct and nondestructive way to obtain depth profiles in passivated sam-
ples. The correlation found between B-concentration and H-depth indicates that the
H-diffusion is basically controlled by an impurity trapping mechanism. For a boron
concentration of 1 x 10'? em™3, the diffusion coefficient obtained at 150°C is about
6 x 1013 ¢m? g1,

Direct information about the free hole concentration can also be obtained by looking
at the Raman active silicon zone-center optical phonon, which in doped-Si appears
shifted and asymmetrically broadened in comparison to the undoped semiconductor,
showing the so-called Fano profile. The narrowing of this profile after hydrogenation
can be used as a direct test to obtain insight into the remaining hole concentration?.

From a more microscopic point of view, the localized vibrations of boron and hy-
drogen in the Si-lattice are direct probes for the bonding structure of these atoms.
Moreover, the H-mode observed at 1905 cm™! can be used to obtain information about
the symmetry of the B—-H complex in the lattice. For this purpose, we have analyzed
the Raman scattering due to H-vibrations under uniaxial stress along different lattice
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directions. From our results, and mainly from the line splitting observed for stress
along a {100] direction, we find at 100K a non-trigonal symmetry for the B-H com-
plexes. This corresponds to off-bond-centered interstitial sites for hydrogen, which can
be modified under stress. The stress dependence observed for the line intensities indi-
cates a stress-induced hydrogen redistribution among non-equivalent positions around a
B-impurity®. In Fig.2 we present a scheme corresponding to the H-displacements along
112} directions deduced from the analysis of the Raman results. Hydrogen can move
between different energy minima with barriers of less than 300 meV, in agreement with
theoretical calculations®.

The discrepancy between our results and the trigonal symmetry found by Bergman
et al.® at 4K may be due to the strong T-dependence of the H-mode, as well as to
different internal strain in the samples (ion implanted vs. bulk doped).

REFERENCES.
. N.M. Johnson, Phys. Rev. B31, 5525 (1985).
. M. Stutzmann, Phys. Rev. B35, 5921 (1987).
C.P. Herrero & M. Stutzmann, Solid State Commun., in press.
P.J.H. Denteneer, C.S. Nichols, C.G. Van de Walle & S.T. Pantelides, presented
at the 19th Int. Conf. Phys. Semiconductors, Warsaw, 1988.
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HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN 1lIl-V COMPOUNDS AND THEIR ALLOYS

Advanced nuclear methods

T. L Estle (Rice University) and R. F. Kiefl (TRIUMF Vancouver): "Isolated
hydrogen and anomalous muonium in semiconductors”. Invited talk.

Th. Wichert (Universitit Konstanz): "Detection of hydrogen in semiconductors
by nuclear methods". Invited talk.

A. D. Marwick (I.B.M. Yorktown): "Ion beam studies of hydrogen in
semiconductors”.
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T. L. Estle
Aice University, Houvswcon, Tenzs, U.E.3E.
R. F. Kiefl
TRIUMF, Vencouver, 2.C., Tanezils
in zzlleboraticn wish:
M, Celio, 5. R. Kreitzmen, 3. M, Like,
E, J. Anseldc, and zihers.

Over the lest five yeers much hes heen lezrned zhoud
mucnium impurities in semiconductcrs acd it now appesrs Very
likely +het most of this information will e directly
eprlicable to the understandinog ¢f hydrogen impurities.
Muconium mey re fecrmed when poesitive muons (p*) zre implanted
in%o nonmetallic samples. They may be sztudied by technigues
clesely relzted to magnetic rescrnance aand ccllectively
referred to0 as muon spin rotaticmn or pSR. Mucnium is a
neutral atom formed by an electreon bound 4o the pt azd mzy e
regarded 2s a very light isotcpe of hydrogen (mpng/E). In
semiconducters muonium is gquite differernt from mucnium in free
spate, Two distinct forms cof mucnium ere seenl, cne with an
isotropic hyperfine interaction ranging from &3% of the vacuu
value (in diamond) %o 27% (in CuCl).This normal musrium cr Mu
has a hyperfine interaction which is about 50% of the vacuum
value in Si and Ge but about €5% in Gzis end GaP. One can
viguslize this as a neutral mucnium impurity covalently-bernded
to atoms in the crystal so that about half (for Si and Ge) the
£pin dercsity is on the muonium and about half is zn the host
atems. The experimental and theoretical evidence supperts the
view that for nocrmal mucnium the p+ is centered at the
tetrahedral interstitial site. In additiecn, 3
highly-enisctropic form of mucnium is orserved. 1t is called
anomalous muonium or Mu* and has a trigenally-symmetric
hyperfine interacticn whose angular average is only a few
percent of the vacuum value. Recent studies by muon
level-crossing spectroscopy, augmented by resolved nuclear
hyperfire structure in the mucn precessicnal freguencies, have
shown that for anocmalous mucnium in silicoa the electren spin
density and the mucn are centered on a ccvalent bond~. Similar
cteervations have been made on Gais34 and GaP? and rresumakly
in &ll cases ¢f Mu* the muon is near the center cf a covalent
bead,

The recent repcyt of ap electrecn paremagnetic rescnauce
(EFR) spectrum (AA~9) in hydrcgen-implanted ciliccnd was the
firs% enample ¢f EPR fcr isclated hydregen in a semiccnductor
knewn to these authers. Compariscn of 4he scaled hydrogea and
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mucn hyvperfine pavemeters and whise of the zesvesw <82i for
“he 2A-9 center and Mu¥® in eiliscn indizate thatv the hvrerfizs
rerameters zre the same Yo wivhin gbout the unsertaizty =f <hs=
less eoourzte EIFR resulte (the hydrogen velues must e
muléipliied by <he ratio ¢f the rucn %o The prowIn maznetis
Zipcle moments, i.e. ecaled). We may tvherefore sonolule that
his mucniuvm zenter hes a oorresponfing hydrofen center whizh
erists with nearly <he sasme E:ru:ture, end this s 3zuize
likely sruve for most cther mucnium Senters &5 well, The
t¥incipel effgct tf 4he large mass difference should cocour ia
the dynamics cof the twd types cof systems. In thet regarid,
metesteble forme cf mucaniuvm have heen cheerved iz marny
materiels. This includes 5i, Se, diamond, SiC, Gszks, BaP,
CuCl, and CuBr. For some of thesze systems (Si, diamcocnd, Cufl,
CuBr) there is evideace of & thermal conversicn of cne form to
&énother,

At precent cne may conclude with consideradle confidence,
Sssed on the measurements described and upen *he reticel
studies which suppert these zonclusicns, that the stable
struchture of neutv=l isclated, interstitial hydrogen in
silicon is one in Whlvh the protcn is at the bond center and
the spin density Is primarily on the two ne=re=t silicone., &
similar model can also be inferred for Gaks and GaP althzugh
i% has not been demonstrated that this is the stable
structure.

1. For a general review through 1986 which includes <ll forms

of mucnium seen (no reports ¢f new mucnium centers have
occurred through August 198B8) see: B. D. Patterson, Rev.
Mzd. Phys. 60, £9(1388).

2. R. F. Kiefl, M, Celio, T. L. Estle, S. R. Kreitzman,
G. M. Luke, T. M. Riseman, ard E. J. Rnsaldo, Phys. Rev.
Letters 60, 224(1988).

3. R, F. Kiefl, M, Celio, T. L. Estle, G. M. Luke,
S. R. Kreltzman, J. H. Brewer, D. R. Noakes, E. J. arnsaldo,
and K. Nishiyeama, Phys. Rev. Letters 53, 17&0(1987).

4. R. F. Kiefl, Hyperfine Interacticns 32, 707(1986).

S. Yu. V. Gerelkinskii and N, N. Nevinnyi, Sov. Tech. Phys,
Lett. 13, 45(19%87); V. A. Gerdeev, Yu. V. Gerelkinskii,
R. F. Kecacpleva, N. N. Nevinmyi, Yu. V. Qbukhov, and
V. G, Firsov, preprint 1340 from Leringrad Nucleer Physics
Institute, Nov., 1%67.




WORKSHOP ON "HYDROGEN PASSIVATION OF DOPANT ATOMS AND DEFECTS IN
1.V COMPOUNDS AND THEIR ALLOYS" (PARIS, 3.-4.11.1988)

Detection of Hydrogen in Semiconductors by Nuclear Methods

Thomas Wichert
Faladiét fiir Physik, Universivdr Konstanz, D-7750 Korstarz, FRG

The impact of nuclear methods, like the jon channeling or blocking technique, perturbed +v
angular correlation (PAC) and Mdssbauer spectroscopy (MS), on the detection of hydrogen
interacting with dopant atoms in semiconductors is discussed. In particular, the recent results
for H(D)-acceptor interactions in Si obtawed by ion channeling and PAC zre be presented
and their interpretations are compared. In addition, the possibility of transferring these
experiments 1o studies of dopant atom-hydrogen interactions in GaAs are outlined.

There exist several jon channeling experiments on p-type Si doped with B and D atoms of
equal concentrations. It is concluded that the majority of D atoms is situated at near-bond
centre sites at 30 K and at 295 K; however, the possibility of an antibonding site of D at 295 K
has 10 be considersd, as well. The interpretation of the jon channeling results is affected by
two experimental facts: The high D (and B) concentration (101 cm®), required for this type
of experiment, and the introduction of the D atoms from a plasma, which might create
additional lattice defects being capable of interacting with D atoms, as well. Recent results on
the lattice location of radioactive interstitial impurities, like Li atoms in GaAs, using the
blocking technique, will be presented because this type of experiment is sensitive to much
lower impurity concentrations than the jon channeling technique.

The formation of acceptor-H complexes, involving the radioactive probe atom !In, was
idenrified with help of the PAC technique, This type of experiments yields information on the
chemical and structural identity of the formed complexes. Using the H specific ¢lectric Seld
gradient, the formation and dissolution of the In-H complexes was pursued under a variety of
different conditions, such as sample temperature, dopant atom concentration and position of
the Fermi level. By additionally doping the samples with a second type of acceptor atom the
stability of other acceptor-H complexes, here of B-H complexes, was determined. In order to
complement the investigations on H, experiments on Li atoms and an interstitial X defect,
produced during wafer polishing, were performed. The X defect bears close resemblance 10
the H defect in some respects, but is different from H because of its mobility and stability at
the acceptor atoms. For a transfer of this type of experiments to GaAs radicactive atorcs are
needed which act as acceptor or donor atoms and at the same time are suited for either PAC
or MS spectroscopy. In case of PAC, Cd is a possible candidate, in case of MS, Sn, Sb, and Te
can serve as probe atoms. Thus, experiments on H in GaAs, being similarly detailed as in Si,
should become feasible in the near future.
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Jon Beam Studies of Hydrogen in Semiconductors

Alan D. Marwick
1BM Researck Disision, T.J. Watson Research Laboraiory,
P.O. Box 218, Yorkiown Heights, NY 10598

Ien beam analysis techniques, including puclear reacticn analysis, chananeling, and
Rutherford backscaitering are being applied to several aspects of the behavior of hy-
rogen in crystalline semiconductors and simple device structures,

Nuclear reaction profiling of hydrogen in MOS capacitor structures with Al and Au
gates was used 10 show that most of the hydrogen in such structures is localized in a
layer at the gate-oxide interface [1]. This hydrogen, whose amount in the samples
studied varjed between 10¥ and 3 x 10¥ atoms/cm? is probably the source of the
bydrogenic species believed to diffuse towards the oxide,/Si interface during hot clectron
injection or after exposure to ionizing radiation. The ruesults suggest that the source of
the H in the samples was air exposure of the oxide before merallization,

The latrice Jocation of hydrogen (*/7) and boron atoms in boron-hydrogen complexes in
silicon was determined using ion channeling combined with nuclear reaction analysis.
{2, 3). The boron atom was found 1o be slightly displaced off a lattice site, by
0.280.03A, while the majority of the hydrogen atoms occupied bond-center pesitions,
THe samples were characterized by SIMS and Monte-Carlo modelling was used in the
analysis of the channeling data. The results are in qualitazive 2greement with theoretical
models of the structure of the B-H center.

Present work includes investigation of damage induced by high hydrogen concentrations
in silicon, channeling studies of other solute-hydrogen complexes, and annealing studies
on solute-hydrogen complexes.

[1) A.D. Marwick and D.R. Young, “Measurements of hydrogen in metal-oxide-
semiconductor structures using nuclear reaction profiling”, J. Appl. Phys. 63
{1988), 2291.

(2] A.D. Marwick, G.S. Ochrlein and N.M. Johnson, “Structure of the boron-
hydrogen complex in crystalline silicon”, Phys. Rev. B 36 (1987), 4539.

(31 A.D. Marwick, G.S. Ochrlein, J.H. Barrett and N.M. Johnson, “The structure of
the boron-hydrogen complex in silicon”, Mat. Res. Soc. Symp. Proc. 104 (1988),
259,
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HYDROGEN PASSIVATION OF DOPANTS AND
DEFECTS IN lII-V COMPOUNDS AND THEIR ALLOYS

Theory

P. Briddon, R. Jones and G. M. S. Lister (University of Exeter) "The Structure and
properties of H complexes in GaAs, a-Si and Diamond". Invited talk.

C. G. Van de Walle (Philips Briarcliff Manor): "Theory of hydrogen diffusion and
reactions in crystalline semiconductors”. Invited talk.

G. G. DeLeo (Lehigh University): "Theory of interstitial hydrogen and
hydrogen-containing aggregates in silicon: Recent semiempirical
caculations”. Invited talk.

J. M. Baranowski (University of Warsaw): “Activity of atomic hydrogen in a.Si
and c-Si".




~ 55—~

The Structure and Properties of H Complexes in GaAs.a-Si and
Diamond.

P Briddon. R Jones. GMS Lister

Dept. of Physics, University of Exeter, Exeter. EX34QL.UK
Electronic mail jones@ uk.ac.exeter

We have calculated /5.6,7/ the structure and propertes of H in clusters of atoms simulating the
solid swate. These have contained 30-90 atoms and have surfaces saturated with H. We use a
self-consistent Jocal density functional method with s- and p- Gaussian orbitals as a basis for ihe
wave-functions and s- Gaussian orbitals as a basis for a fit to the charge density /1.2.3.4/. Bond
cenmed orbitals are used in addition to atom cenwed ones.

The cluster and bases are sufficiently large that bond lengths and angles are accurately found 10
within a few per-cent. Dynamical properties are given to within 10%. The cluster size is ,
however, inadaquate to give the theoretical band gap, but we feel the method can distinguish deep
from shallow levels.

We have found the GaAs,Si and diamond bond lengths 10 be within 2%,1.5%, 1% of experiment
respectivelv . Calculating the energies of distorted central atoms of the cluster allowed bond
stretching and bending force constants to be found which , in the case of Si and C, vield bulk
phonon dispersion curves within 10% at the zone-edges. For GaAs , a Coulomb potential must be
added to give phonon frequencies within 20% at the zone edges.

1. H in GaAs, GaAs:Be, GaAs:P /7/

36 or 57 atom clusters revealed there is a marginal (.2eV) tendency for neutral H 1o lie at a
T-intersddal position over a BC-(bond centred) site. Furthur calculagons on larger clusters are
necessary to confirm the stability of the T-site. BC H has a singly occupied level high up in the
gap; T-sited H has a level in the middle of the gap. Thus in p-GaAs , BC- sited H is likely to be
preferred over T-sited H and vice-versa in n-GaAs.

Be/Ga is an nff-centred defect which is displaced along [-1,-1,-1] and bonded to 3 As atoms. The
As atom along [1,1,1] is also 3-fold coordinated and is the centre for the acceptor wave-funcdon .
A H atom prefers to sit at a BC site between the As and Be where it's wave functon swongly
overlaps that of the acceptor.

This strucnln'c and the LVM of H (2083 cm™1) are in good agreement with experimental values
(2037 cmm™ ).

Conversely H in Si/Ga prefers to lie along [-1,-1,-1] where the Si is 4-fold coordinated. The Si-As
bond along [1,1,1] is broken and the low lying filled state has appreciable overlap on this As atom
and the H. The calculated H stretch mode frequency for an 87 atom cluster is 1805 cm-1. The
observed one is 171 7cm-1.

2. H in a-Si /S/

A 34 atom cluster of Si and H atorns containing a central Si-H bond adjacent to a strained Si-Si
bond simulates 2-Si:H. The energy of this cluster was evaluated as a function of the sain in the
Si-Si bond. At around 40% stain , the Si-H bond spontaneously breaks and the H atom forms a
bond centred H defect in the middle of the strained Si-Si bond leaving a dangling bond behind. To
move the H a1om furthur away from the bond - centred site adjacent to the Si dangling bond costs
~leV. This calculation supports a model of the Staebler-Wronski effect inroduced bty Stutzmann,
Jackson and Tsai. Light of energy 1.2-1.5¢ V creates e-h pairs at strained bonds which either
promote Si-H dissociation (the first siep above) or cause a furthur Si-Si weakening allowing
spontaneous Si-H dissociation .

3, H in Diamond. /6/
A 57 atom cluster showed BC -sited H is 1.9¢V more stable than T-sited H. This is consistent
with muon spin rotation experiments. The BC H has a level close 10 E.. and thus there is a swong

tendency for it to pair with acceptors or other defects. The wave function is built up of
antibonding p-orbitals on adjacent C atoms and has lobes which point along [-1-1-1] and
consequently there is strong overlap with H placed at an anti-bonding site. This structure of H2 is
more stable by 3.32 eV over a Hy molecule placed near a T site. Accordingly H2 should should

have a deep trapped state in diamond.
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Theory of hydrogen diffusion and reactions
in crystalline semiconductors

Chris G. Van de Walle
Philips Laboratories
Briarcliff Manor, New York

State-of-the-art theoretical techniques can provide a first-principles description
of the behavior of hydrogen in crystalline semiconductors. Using density-functional
theory and ab initio pseudopotentials, a comprehensive picture can be obtained of
stable configurations, migration paths, charge states, etc., for H in pure and in doped
semiconductors. Hydrogen interacts strongly with the crystalline network, and re-
laxation of the lattice around the impurity must be included to obtain the correct
minimum-energy positions. Total-energy surfaces, in which the position of the H
atom in the crystal is the coordinate, provide immediate insight into the relevant
properties. Silicon, as the prototypal semiconductor, has been the first material for
which we have performed the calculations’; recent work on H in Ge? indicates similar
behavior.

The study of H as an impurity in vhe semiconductor provides information about
its charge state, and allows us to predict the reaction mechanisms through which it
will interact with other impurities. For instance, H in p-tvpe Si is most stable in
the positive charge state; its electron causes compensation of free holes. Such an
H* impurity diffuses very fast through the crystal, and will readily be attracted by
negatively charged acceptors. Formation of neutral hydrogen-acceptor pairs is a result
of this process. Our calculations of boron-hydrogen complexes in Si show that the
global energy minimum occurs for H at the center of a Si-B bond. H can move on
a spherical] shell around B with an energy barrier of only 0.2 eV. In n-type Si, we
predict H to be cegatively charged. The deep donor and acceptor levels associated
with the amphoteric H impurity are close in energy; the possibility that H in Siis a
negative-U impurity can not be excluded.

In Si, isolated hydrogen atoms in the positive and neutral charge state prefer the
bond-center site as the stable location; in the negative charge state, the tetrahedral
interstitial site is favored. In the absence of other defects, H; molecules are the most
stable state for H in the Si crystal. The binding energy (compared to two ic  ted
neutral H atoms inside the crystal) is 2 eV per molecule. 1f one of the H atoms that
forms the molecule is positively charged (as suggested by Johnson and Herring®) the
binding energy becomes smaller, and is Fermi-level dependent.

' C. G. Van de Walle, Y. Bar-Yam, and S. T. Pantelides, Phyvs. Rev. Lett. 60. 2761
(1988).

? P. J. H. Denteneer. C. G. Van de Walle, and S. T. Pantelides. to be published.

3 N. M. Johnson and C. Herring, Phys. Rev. B 38. 1581 (1988).
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Theory of Interstitial Hydrogen and Hydrogen-Containing
Aggregates in Silicon: Recent Semiempirical Calculaticns#*

Gary G. Deleo

Department of Physics and Sherman Fairchild Center
Physics Building # 16
Lehigh University
Bethlehem, Pennsylvania 18015 USA

The results of recent semiempirical computations on
hydrogen-related defects in silicon are summarized. Total
energies and single-particle electronic structures are produced
by the MNDO (modified neglect of diatomic overlap) method using a
finite~cluster framework. Equilibrium geometries, migration and
reorientation barriers, and vibrational fregquencies are inferred
from the atom-position dependence of the total energies.
Specifically, interstitial hydrogen, hydrogen-acceptor (B, Al)
pairs, and a hydrogen-donor (P) pair are treated.

The impurities and environment are simulated in these
treatments by finite fragments of the solid, or "clusters." The
primary cluster used in these studies is XSigH,gi this is bond
centered. Also, we use the clusters XSi;gH;¢ and XSijH;, to
simulate interstitial and substitutional environments,
respectively. The hydrogens serve to terminate the cluster.

In its simplest application, the host atoms are kept at
their rigid-lattice sites and the total energy is monitored as a
function of the impurity positions. A somewhat more elaborate
procedure involves the simultaneous displacments of the impurity
atom(s) and the neighboring silicon(s). When the outer silicons
are relaxed, they are connected to springs with parametrized
spring constants for parallel (to bond) and perpendicular (to
bond) displacements; we refer to this as the hybrid approach.

The H-terminators follow the outer silicons with the
corresgonding bond angles and lengths preserved (taken here to be
109.47% and 1.48 A, respectively). We note that allowing
silicons to fully relax for each hydrogen position may not be
appropriate when considering the dynamics of a light element such
as hydrogen.

The most decisive statement which can be made on the basis
of our computational results for isclated interstitial hydrogen
is that a bond-centered (BC) configuration is the stable geometry
for the neutral and positive charge states.[1] This supports
other computational results [2] and recent &SR [3] and EFR
studies of anomalous muonium and hydrogen in silicon,
respectively. We find neutral hydrogen to be asymmetrically
located along the bond, with a barrier for reorientation of about
0.2 eV, This barrier is sufficiently small, however, that
motional averaging would cloud an inequivalence of the
neighboring two silicons., Such an asymmetric configuration might
be distinguished from the corresponding symmetric one in an
infrared experiment by the anharmonic H/D isctope shift of 1.7
which we predict.
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Since the neighboring silicons relax by about 0.4 A each <o
accommodate the hydrogen, migration between neighboring BC sites
would require substantial silicon participaticn. Therefore, we
compute a migration barrier by determining the energy required to
displace the neighboring silicons so that the hydrogen may
spontaneously move between adjacent BC sites. We find the
migration barrier to be < 1.0 eV.

There also appears to be an athermal motion which is
associated with the migration of normal muonium. Here it is most
appropriate to determine the migration barrier in the absence cf
silicon displacement: the hydrogen would tunnel before the
silicons could fully respond.([4] We find a hydrogen-moticn
barrier for migration between adjacent M-sites of ~ 0.1 - 0.2 eV.
Another way of expressing such athermal motion may involve a
Bloch representation of the H or muonium atoms; this is currently
being explored.

In some recent treatments of the hydrogen-acceptor_ pairs, we
have taken up the problem of the low frequency (~70 cm™ ™)
sideband, which was revealed experimentally by Stavola, et al.[5]
We have considered the hydrogen off-axis motion (wagging, or E
mode) as a candidate for this sideband. We compEte these
vibrational frequencies to be in the 700-800 cm - range, much too
high to explain the observed sideband. Furthermore, they appear
to be relatively insensitive to the locations of the near-
neighbor silicons and whether or not the hydrogen is forced off
the axis by reducing the Si-acceptor distance. Hence, it is not
clear that these wagging modes can explain the low-frequency
sideband. Alsoc, more complicated motions involving the hydrogen
are not likely to exhibit an isotope shift so close to 1.41.

This remains a problem of interest and controversy.

In some very preliminary work, we have explored the energy
surface appropriate to hydrogen motion in a hydrogen-phosphorous
pair. Current models locate the hydrogen along the <111> axis in
an antibonding position to the silicon neighboring the
phosphorous.[6] We have seen indications that the hydrogen may
be stable as well at a bond-centered site. These studies are
continuing with larger clusters.

* Work done in collaboration with W. Beall Fowler.
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A tight binding tctal energy calculation 1ndicate a nigh
criemical  activity ¢f hydroegen 1m a2 €1 lattice. AtOmMiIC nydrogen
1s not stakle 1in an unbound interstitial ferm in a S1 lattice
and reacts with the Si-S1 bond. As the result ¢f such reaction
an H-center 1s created whitch consist a ¢ type Si(p)-H(s) bond
and one unsaturated p—1iKe dangling hybrid. The hydrogen atom
may Dbe bound outside or 1inside the Dbond region depending on
the occupancy of the adjacent dangling hybrid, The calculated
activation energy of the diffusion o¢f H—=centers 1s 1.23 eV.
Interactions between H-centers and D-centers lead to
anninilation of <angling hybrids in  the lattice, 1n spite of
the fact that the number o¢f Si1-H bonds remains unchanged. On
the o~ther hang, collisions petween diffusing HK-~ceniers may
lead to two types of effects: 1) formation of an Hp molecule
in the Si1 1lattice, or 2) formation of a stable defect ccentain
two S1(p)-H{s) konds. The first of the predic.cd effects gives
fresh microscopic¢ 1insight . i1nto the mechanism of lew
temperature evolution of hydrogen from «a-Si1:H. The second
effect 1s responsible for the damage induced Dby hydrogen in

crystalline Sa1.
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