PHYSICAL REVIEW B VOLUME 54, NUMBER 16 15 OCTOBER 1996-II

Titanium-hydrogen defects in silicon

W. Jost and J. Weber
Max-Planck-Institut fu Festkaperforschung, Postfach 80 06 65, D-70506 Stuttgart, Germany
(Received 12 August 1996

Several titanium-hydroge(TiH) complexes are generated in crystalline Si by wet chemical etching or a
remote hydrogen plasma treatment. We identify two electrically acige—+0.31 eV,Ec—0.57 eV} and one
electrically inactive TiH complex. The passive TiH complex dissociates at temperatures above 570 K, leading
to an increase in the interstitial Ti concentratip80163-182806)52840-1

[. INTRODUCTION filling.® The shallow dopant profiles are determined by CV
measurement&l MHz).

Most transition metals in semiconductors introduce deep Cleaved samples were prepared by breaking the samples
levels in the band gap and reduce the lifetime and diffusiorfrom the crystal rod and forming the contacts onto the sur-
length of minority carriers. Examples are Ti and V which face without any surface treatment. Such a treatment results
reduce greatly the efficiency of silicon solar cells, even inin Schottky diodes free of hydrogérdydrogenation of the
concentrations as low as ¥0cm 32 The use of TiSias samples at room temperature is performed by wet chemical
contact material in device technology is also a potentiaktching in a 1:2 mixture of HF and HNOThis etching step
source of Ti contamination. is used before the evaporation of the Schottky contacts and is

Although Ti is believed to be predominantly on the inter- sufficient to introduce the necessary amount of atomic hy-
stitial site it diffuses slowly, which makes it difficult to get drogen. Hydrogenation at higher temperatures is performed
with standard techniquéslt exhibits an acceptor level at in a dc-driven hydrogen plasma. These samples are also wet
Ec—0.09 eV, a donor level aE-—0.27 eV, and a double chemically etched before they are mounted in the hydrogen
donor level atE,+0.25 eV (see Ref. 1 and references plasma chamber. After the plasma etching, contacts are
therein. The tetrahedral interstitial site of Ti in the silicon evaporated onto the samples without an additional wet

lattice was observed by electron paramagnetic resonangdemical etch.
(EPR.A The samples are heated for the annealing studies up to

The interaction of Ti with hydrogen is a controversial 470 K on the sample holder. During the heat treatment a bias
issue. In a previous study hydrogen was found to have neould be applied to the Schottky diode. Higher annealing
passivating effect on the deep levels of°TWoon et al®  temperatures were achieved in a furnace with the sample in
calculated the barriers of Ti for diffusion and interaction with Ar atmosphere. The samples could be illuminated with a
hydrogen. Their results disagree with the experimental findtaserdiode(HAM820/2428 from LASER 2000) =820 nm,
ings. Titanium on both substitutional and interstitial sites1-200 mW.
should be possible traps for interstitial hydrogen. The authors
point out that more than one_hydrogen atom is needed to Il RESULTS
passivate the deep levels of Ti.

In our paper we present evidence for hydrogen induced After wet chemical etching a decrease of the net boron
electrically active and inactive complexes in Ti dopecand  concentration close to the sample surface is observed. This
p-type silicon. well-known phenomenon is explained by the formation of
neutral boron-hydrogen pait$.Annealing the samples with
a reverse bias applied to the Schottky confaeverse bias
annealRBA)] leads to a dissociation of the complexes and a

Samples are cut from Ti-doped single crystalline siliconreactivation of the shallow acceptors. The released positively
grown by the Czochralsk{CZ) or by the float-zongFZ2) charged hydrogen drifts in the field of the space charge re-
technique. Phosphorus is used fortype and boron for gion and forms new boron-hydrogen pairs at the edge of the
p-type doping. In both cases, we used two different shallondepletion layer. Im-type samples, the formation of neutral
doping concentration&l0'* cm 3 and 16° cm™3). P-H pairs close to the surface is detected directly after a wet

Schottky diodes are formed by evaporation of aluminumchemical etch. After an RBA for 10 min at 400 K, we ob-
for p-type and gold fon-type samples through a metal mask serve a reactivation of the phosphorus donors. However, no
at room temperature. A eutectic InGa alloy is rubbed ontadrift of hydrogen during RBA is observed in our samples.
the back side of the samples to form the Ohmic contact. Therefore inn-type samples the depth distribution of the

The experimental setup used in this study is a computerydrogen is not controllable by RBA, as was found in
ized lock-in deep-level transient spectroscaPLTS) sys-  p-type silicon.
tem. During the DLTS depth profilifghe sample is held at A DLTS spectrum of am-type sample after wet chemical
a constant reverse bias, while the filling pulse height is varetching is shown in Fig. (). Four DLTS peaksE(40),
ied using pulses long enough to avoid incomplete tragE(150), E(170), andE(260) are detected. We label the
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FIG. 1. DLTS spectra of Ti-dopen-type silicon taker(a) after FIG. 2. Concentration depth profiles of trafg40), E(150),
wet chemical etching an) after an additional 3-h anneal at 570 K andE(260) after wet chemical etchirfgeverse bias= 10 V, filling
with zero bias(reverse bias= 2 V, filling pulse = 0 V, filling time ~ Pulse varied from 0 to 10
= 1 ms, emission rate= 42 s 1. Note that the DLTS spectrum in
(a) is enlarged by a factor of 5. contact does not significantly alter the DLTS spectra. How-

ever, annealing at 570 K with zero biag f® h leads to the

DLTS peaks according to the temperature at maximum peafisappearance d(170) andE(260) [Fig. 1(b)] and at the
height (emission rate= 42 s 1), whereE indicates electron Same time to an increase of the Ti donor and acceptor peak
emission andH is the hole emission. Table | summarizes thePy almost a factor of S. _ _
electrical properties of the DLTS signals observed in Ti- !N Fig. 2 the DLTS depth profiles of the sample from Fig.
doped silicon. The activation energies of the two majorl(® are shown. The concentrations B{40) andE(150)
peaksE(40) andE(150) are in good agreement with the ncrease toward; the_bglk. In addltl'on, they agree over the
acceptor and donor levels of ¥i. investigated region Wlth.lr-1 thg experimental error which fur-
Varying the reverse bias while using the same pulse voltther supports the identification th&(40) andE(150) are
age leads to a change of the electric field and the width of théhdeed different charge states of the same center. The con-
space charge regidSCR. The electric field has an effect on centration 0fE(260_) has its maximum close to the surfgce
the emission rate from Coulombic centers. We observe &Nd decreases rapidly towards the bulk. The depth profile of
slight shift of E(150) towards lower temperatures with in- E(170) cannot be determined, because this signal strongly
creasing applied reverse bias. This small Poole-Frenkel efverlaps with the signal of the Ti dond(150). However,
fect for the Ti donor level is in agreement with the resultsDLTS spectra taken at different depths unambiguously re-
reported in Ref. 11. The variation of width of the SCR en-Vveal that bothE(170) andE(260) are located only in the
ables us to study levels at various depths. At a reverse bias §"face region{2 um). The annealed sample shows a ho-
Vkr=10 V only two peak€(40) andE(150) are observable. Mogeneous depth profile for the Ti acceptor and donor.
Under this condition one studies the emission of centers In addition, we cleaved one sample from the crystal rod
placed within a depth of 1.2—&m. A reverse bias ot/  With lower phosphorus concentration and evaporated con-
=2 V shrinks the space charge region and allows us to obtacts onto it without any further etching. In these samples we
serve the emission of centers within a region of 1.2 detect only thee(150) level. _
In this region the two Ti levels are significantly reduced. ~Finally, we treated an-type sample fo3 h at470Kina
However, two additional weak peak&(170) andE(260) hydrogen plasma. The DLTS spectrum of this sample is
arise in the DLTS spectrum. similar to the one shown in Fig.(4), except theE(170) and
Annealing the sample in the temperature range from 306£(260) peaks are more pronounced.

to 450 K while applying zero or reverse bias to the Schottky A DLTS spectrum of a Ti-dopeg-type silicon sample
after wet chemical etching is shown in Fig. 3. One majority

carrier DLTS peak at 180 Kemission rate 42°¢) and two
minority carrier DLTS peaks are observed, which agree
within experimental error with the signal&(40) and
E(150). The electrical parameters fek(180) are in good

TABLE I. List of energy levels and assignments of deep levels
in Ti-doped silicon.

Level Activation energyeV) Assignment . '

= agreement with the Ti double dortdisee Table)l
E(40) Ec—0.09x0.02 Tio The profile of the Ti double donor is flat and is not af-
E(150) Ec—0.27+0.01 Ti ¥ fected by the etching procegsee Fig. 4a), square$ Zero

) bias annealing at 400 K for 35 min decreases the concentra-
E(;Zg) Ec_g'gig'gi T!H tion of the Ti double donor near the surfdéég. 4(a), dotg.

(260) ¢ mEm TE The Ti double donor concentration follows the profile of the

H(180) Ey+0.25+0.01 Tit+ shallow boron acceptors, which were not passivated by hy-

drogen. The shape of the profile indicates therefore a com-
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gests thaE(170) andE(260) are titanium-hydrogen related
H(180) p-type Si:Ti deep levels.

But the concentrations &(170) ande(260) cannot fully
account for the decrease in concentration of the Ti levels
(Fig. 2). After annealing at 570 K 103 h the Ti acceptor and
donor signals fully recover. Hence there must also be at least
one electrically inactive TiH complex which concentration
exceeds the concentrations®f170) andE(260) by an or-
der of magnitude.

The Fermi level in our samples at room temperature is
below the Ti donor levelEc—Er=0.27 e\j. Therefore Ti
is in its positive charge statd@i™). The charge state of hy-
Ly drogen is less cledf** Still, we tentatively describe the for-

0 50 100 150 200 250 300 mation of the TiH complex schematically as “RinH"
TEMPERATURE (K) +ne’:[TiHn]+. However, we are unable to distinguish
whether the two TiH-related levels are different charge states

FIG. 3. DLTS spectrum of Ti-dopep-type silicon taken after a Of one T'_H complex_ or are due t_o different TiH complexes
2-min wet chemical etclreverse bias= 2 V, filling pulse= 0V, differing in the p‘?s'“of‘ and/or in the number of t?onded
filling time = 1 ms, emission rate: 42 s 1). hydrogen atoms{T|H, TiH,, etc). We tentatively attr.lbute
these levels to different charge states of one electrically ac-

plexing of Ti with hydrogen. However, if we apply a reverse fiveé TiH complex. In addition, there is another TiH complex
bias during the annealing at 400 K, we do not observe an}?'_eld_'”g a passivation of Ti. After a 3-h anneal at 570 K the
change in the Ti concentratidiffig. 4b)]. We studied the _|H-|nduced levels a_nd the electr_lcally inactive TiH complex
kinetics of the changes in the Ti double donor concentrationdisappear and the Ti concentration fully recovers.

Due to the small variation in concentrati¢only 30% of the The passivation of the Ti double donor in the dark only
total concentration we could not distinguish whether the
kinetics follows first or second order. If we assume first order
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kinetics the ratess exhibit an Arrhenius behavior with gl @

=poexpE/KT) (attempt frequencyyy; activation energy & S TR
E.). A least squares fit to the measured data points gives an g b

energy ofE;=0.77+0.15 eV with an attempt frequenay, o  6f .

=2x106%1 gL, =) *

The influence of minority carriers on the formation of g oo0e®’ s
Ti-H complexes was studied in the following way. The o 4
Schottky contact was illuminated during the RBA annealing E .
at temperatures between 360 K—400 K with the laserdiode. o 10} b)

Depending on the laser power, we find two different effects E -
on the depth profile of the Ti double donfd¥ig. 4(c)]. High '-(SJ 8 * u .-_'. P
laser powers diminish the SCR, due to the high concentration = oo o . i
of created minority carriers. There is no drift of"Hunder 8 6+
these conditions. The profiléig. 4(c), dotd is very similar o ®  after etching
to the profile shown ifFig. 4a), dotg for the zero bias O 4} ¢ dark rev. bias
anneal. With reduced laser power, a characteristic dip in the %
Ti double donor profile occurgFig. 4(c), triangleg. Under o gl ©
these conditions hydrogen drifts in the electric field of the w RS Bt el gt e,
reverse biased Schottky diode. %‘ ol A, ‘a
O 6 5’ AAA A
A
IV. DISCUSSION 2 . AAA . p e
L ]

In a recent publication we demonstrated that cleaving a 4r 4 . A‘ PR
sample without any further chemical treatment results in - s - s s
Schottky diodes free of hydrogérin the cleaved sample of 1 2 3 4 5
the present study only the Ti donor is found. The acceptor DEPTH (um)

level cannot be observed in this sample due to a freezing out
of the carriers below 60 K as the Ti acceptor compensates g 4. (a) DLTS-depth profile of the Ti double donor after a

the shallow donors. The levet¥(170) andE(260) are only  »_min wet chemical etckafter etching and additional annealing at
observed in samples after wet chemical etching or hydrogeRog K for 10 min with zero bias in the daridark, zero bias (b)
plasma etching. In addition, they are only detected near thgqditional annealing at 400 K for 10 min with 10-V reverse bias in
surface where the hydrogen concentration has its maximunihe dark(dark, reverse biasand(c) additional annealing with 10-V
Their occurrence is accompanied by a decrease in the coReverse bias at 360 K for 10 min under illumination with different
centration of the Ti donor and acceptor. This strongly sug{aser powers.
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took place during zero bias annealing, but not during amp-type, due to the lack of Coulombic repulsion between hy-
RBA. Meijer et al'* showed that in a Schottky diode minor- drogen and Ti im-type silicon.

ity carriers are injected. The injection occurs only close to

the sample surface region, i.e., the diffusion length of minor-

ity carriers is small. Certainly, the diffusion length of the V. CONCLUSION

minority carriers is not increased by applying a reverse bias

to the Schottky diode. During zero bias annealing, both hy- T_he m(tjerachon of hyldrogen With tl_taglumdlnb& was In-
drogen and minority carriers are located at the surface re\{estlgate - Two new electron traps induced by TiH com-
lexes atE:—0.31 eV ande:—0.57 eV were observed in

gion, where the passivation of Ti occurs. In contrast, durin he surface region of Ti-doped-tvpe silicon. In addition
RBA hydrogen drifts to the end of the SCR, whereas the 9 pea-typ : ’

minority carriers remain close to the surface region. UndeFhere exi's.ts at least one elgctricall){ inactive TiH complex. !n
these conditions no passivation of Ti is detected. The situap'.type. 5|I|cor_1 the passw_atlon of Ti seems to occur (_)nly 'T
tion completely changes, when the sample is illuminated dur[n'n(;)rlty carrlzrs are alva|1$ble. The .T'H com_ple>r<]es_ d'SSO.C."I
ing RBA. Passivation of Ti occurs only where the hydrogena?e at aroun 570K, leading to an increase in the interstitia
is availableg[Fig. 4(c)]. These results support the explanationTI concentration.

that minority carriers are involved in the formation of the
TiH complexes. The attempt frequency for the passivation of
Tiis 2x10° sL. This value is typical for a capture of car-
riers accompanied by multiphonon emisstéihe CV mea- We thank H. J. Queisser for his interest throughout this
surements after RBA reveal that hydrogen is in the positivavork. H. Lemke(TU Berlin) loaned kindly the Ti-doped FZ
charge state. The Ti is also predominantly in the positivanaterial and contributed with many detailed suggestions. We
charge stateE-=E,+0.35 e\j during the RBA at 400 K. are indebted to W. ZulehnéWacker Siltroni¢ for the gen-
The formation of the TiH complex can again be written sche-erous supply of the Ti-doped CZ material. We thank E. O
matically as Tf +nH" +ne =[TiH,]*. The complexing Sveinbjansson for fruitful discussions. We acknowledge the
of Ti with H in n-type silicon is more pronounced as in technical assistance of W. Heinz and W. Krause.
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