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The interaction between hydrogen and platinum is studied endp-type silicon using deep-level transient
spectroscopy. Hydrogen is introduced by wet-chemical etching or during crystal growth. In both cases we find
that hydrogen forms only electrically active complexes with platinum. Four platinum-hydrogen related deep
levels are identified: ®0) at E.—0.18 eV, E250 at E-—0.50 eV, H150) at E,+0.30 eV, and k210 at
E,+0.40 eV. These levels belong to at least three different platinum-hydrogen complexes. [ 25@)| i
identical to the so-called midgap level in Pt-doped Si, which is believed to control the minority-carrier lifetime
in Pt-doped silicon. Level K50 is an acceptor and is present bothninand p-type samples after hydroge-
nation. It belongs to a platinum-hydrogen complex which contains more hydrogen atoms than the complexes
responsible for the other hydrogen-related levels. Annealing at temperatures above 600 K results in a complete
dissociation of all the platinum-hydrogen related defects and the substitutional platinum concentration is fully
restored[S0163-18207)07724-7

. INTRODUCTION to a platinum-hydrogen compléf.
The first report on hydrogen in Pt-doped Si was given by

The identification of platinum-induced defects in silicon Pearton and Halle¥. In samples which were treated in a
has been a controversial issue for many years. Today, theydrogen plasma at 300 °C a strong reduction of the concen-
coherent understanding of the Pt properties in Si makes thigation of the Pt acceptor level was reported. However, the
transition metal an ideal system for further studies on defectsingle donor level was not affected by hydrogen. The
in semiconductors. Substitutional Pt forms a trivalent defecthanges in the Pt acceptor concentration due to hydrogen
with a single acceptor level PP approximately 0.2 eV be- was called “passivation” in analogy to the effect of hydro-
low the conduction band, a single donor levél Pabout 0.3  gen on shallow donors or acceptors, where electrically inac-
eV above the valence band, and a double donor levdive hydrogen donor or acceptor pairs are formed. However,
Pt™/** about 0.1 eV above the valence bdnfiThe Ptin- the DLTS technique used in Ref. 17 monitors only deep
volvement in the single donor and acceptor levels was conlevels in the upper half of the band gap rintype samples
vincingly shown by the decay of radioactive isotopd=arly and deep centers in the lower half of the band gap in
structural studies by electron paramagnetic resonéae® p-type samples. Therefore, it is possible that “passive” Pt-H
of the Pt level were questioned recently, but could be rec-complexes have levels in the other half of the band gap or
onciled with a vacancylike model for substitutional®Pthe  shallow levels which are not detectable by DLTS. To be
determination of the optical cross section and the splittingconsistent with other DLTS reports, we will use the word
under uniaxial stress in EPR as well as deep-level transienfpassivation” in the sense of a concentration change of elec-
spectroscopy(DLTS) measurements relates the EPR andtrically active centers, without the creation of new centers in
DLTS signals to the same cenfef? the same half of the band gap. One aim of this work is to

Many additional deep levels with unknown origin have give a careful comparison between the deep hydrogen-
been observed in platinum-doped silicbh'®!2 A fre-  related Pt centers ip- andn-type silicon.
guently encountered level at yE0.50 eV (0,=2 Wet-chemical etching was found to introduce hydrogen at
x 1071 c?) is the so-called midgap levet®i3*which ~ room temperature without the creation of surface dantige.
was associated with the dominant recombination center usddydrogen introduced by this technique not only passivates
for controlling the minority-carrier lifetime in devices. Very deep levels but also introduces new transition-metal-related
speculative explanations for the nature of this defect centedleep levels in silicon®2® Wet etching is typically the last
are given in the literature. Kwon, Ishikawa, and Kuw&ho processing step before Schottky contact deposition. This
detected this level in concentrations much smaller than thenakes hydrogen incorporation close to the sample surface
substitutional Pt concentration and therefore associated thénavoidable in such structures. Since many of the previous
midgap level to a complex between Pt and a residual impustudies were made using Schottky diodes it is not astonishing
rity like oxygen in Si. Bardelebeet al!® studied the EPR that several of the unidentified deep levels in Pt-doped sili-
signal from Pt-Pt pairs and, based on the level position decon are hydrogen related.
termined by photo-EPR, they correlated this signal with the Recently, a PtH complex was identified by EPkRefs.
midgap level. In a preliminary report on the hydrogen inter-27—-29 and vibrational spectroscopy?® Uftring et al?®
action with platinum, we recently assigned the midgap leveshowed that this PtHcomplex has two levels within the
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silicon band gap, one located betweep-#).045 eV and 1.4
Ec—0.1 eV and the other between-E0.23 eV (the plati-
num acceptor leveland E,+0.33 eV (the platinum single-
donor leve).

In this paper, we report on a systematic study of platinum-
hydrogen-related deep centers in silicon using deep-level
transient spectroscop§DLTS). The paper is organized as
follows: We first demonstrate that hydrogen is introduced
during etching. Thereafter, we will show that four deep lev-
els are introduced after hydrogen injection. The correlation
of the deep levels im- and p-type samples is then detailed.

Finally, we compare the data with spectroscopic studies on 0o 5 10 15 20
known Pt-H complexes.
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Il. EXPERIMENTAL FIG. 1. Net boron acceptor profiles in platinum dopedype
silicon. Solid curve, after wet-chemical etching of the samples;
_ Phosphorus- or boron-doped float zone or Czochralskijashed curve, after RBA at 400 K for 10 min using a reverse bias of
silicon with concentration in the range ofx110“-5 gy, The depletion layer edge during the RBA is also indicated.
X10'® cm™3 was used in this study. Platinum was intro- The CV profiles were measured at room temperature.

duced by two different methods, either by evaporation of

platinum on one side of an as-received silicon wafer fol-platinum-hydrogen related complexes not only in a spatially
lowed by heat treatment in a diffusion furnace betweenimited region close to the sample surface but throughout the
800 °C and 1000 °€? or by introducing platinum into the material. The reason for the hydrogenation during growth in
silicon melt during growth of float zone silicon in vacuum or argon ambient is not yet clear, but is probably related to
argon ambient® The total concentration of electrically ac- traces of hydrogen in the Ar gas or water vapor on the cham-
tive Pt atoms reachedd10*-5x 10 cm™ 2 in the diffused  per walls.
samples and 5-610"* cm 2 in the melt doped samples.  The Schottky diodes deteriorate during annealing above
Hydrogenation of the samples was performed by wetabout 150 °C resulting in a drastic increase of the leakage
chemical etching in a 1:2:1 mixture of HF, HNOand current under reverse bias. Annealing studies at higher tem-
CH3;COOH before fabrication of the Schottky contacts. Theperatures are therefore made as follows: the samples are first
Schottky diodes were formed at room temperature byetched, thereafter heat treated in a diffusion furnace in argon
vacuum evaporation of aluminum fg-type samples and ambient, and finally the Schottky contacts are made without
gold for n-type samples through a metal mask. A eutecticany additional etching prior to the metallization.
InGa alloy was rubbed onto the back side of the samples to The experimental setup used in this study is a computer-
facilitate an Ohmic contact. In addition, cleavedtype ized lock-in DLTS system. The shallow dopant concentra-
samples were made by breaking the samples from the crystébn profiles are determined by capacitance-voltaGa/)
rod and forming the contacts directly onto the sample surprofiling (1 MHz). DLTS concentration profiling> where
faces without any additional surface treatment. The cleavethe sample is held at a constant reverse bias while the filling
samples are virtually free from hydrogen and are used as pulse height is varied, was used to determine the distribution
reference. of the deep levels. The profiles are calculated taking into
Hydrogen is injected into the sample surface region duraccount the nonuniform shallow dopant profiles due to hy-
ing etching. Figure 1 shows the evolution of the net activedrogen passivation of the dopants. The error in the determi-
boron acceptor profiles after a 10-min anneal at 400 K with anation of the deep-level concentration is estimated to be in
reverse bias fo8 V applied to the Schottky diode. Initially the order of+10% of the absolute concentration. The cap-
after etching we observe a decrease of the net boron densityre cross sections of majority carriers are extracted from the
near the sample surface. During the reverse bias annealirgdectron or hole capture rates which are determined by the
(RBA) reactivation of boron in the surface region takes placsilling pulse method?
due to dissociation of electrically inactive boron-hydrogen

pairs. The released positively charged hydrogen drifts . RESULTS
through the space-charge region and piles up at the depletion '
layer edge where new boron-hydrogen pairs are formed. This A. Platinum-related deep levels inp-type silicon

causes the dip in the net active boron density at a depth of
approximately 11um. The reactivation kinetics of boron
close to the sample surface agree with dissociation rates of We detect four DLTS signals irp-type Pt-doped Si
boron-hydrogen pairs reported in the literatéf&ve make samples. The concentration of the centers depends strongly
use of the bias dependence of the hydrogen injection in thapon the annealing procedure. Figure 2 gives an example of
investigations presented below. an anneal with no bias applied to the Schottky didzero
While hydrogen is incorporated only into the sample sur-bias anneal The DLTS spectrum shown in Fig(& is re-
face region by wet-chemical etching we found that crystalcorded directly after the wet-chemical etching. Two domi-
growth under argon ambient results in the occurrence of hyrant DLTS peaks are observed at 50 and 160 K. These peaks
drogen in the whole silicon crystal. This enabled us to studyare detected in all the investigated platinum dopetype

1. Basic features of Pt-H complexes



16178 SACHSE, SVEINBJ®NSSON, JOST, WEBER, AND LEMKE 55

7 — . single and double donor signals. This is correlated with the
(a) stehed pior appearance of a new peak(130), which overlaps with the
Pt single donor signal. Figur€@ gives a DLTS spectrum of
10k _ a sample where the (#50) signal was maximized by 1-h
annealing at 490 K. The Pt donor level is only detected as a
shoulder in the K150 peak and the Pt double donor peak is
& gl () 10min400K | significantly reduced.
5 Both H(150 and H210 disappear after annealing at
g H(210) higher temperatures. The(t60 peak anneals out during a
S 6t . 1-h treatment at 550 K while €10 is slightly more stable
© | () 1 hour 490 K but disappears after a few hours at 650 K. An example of this
2 H(150) behavior is the spectrum shown in Figd® which is re-
% 4r /\ . corded after a 1-h heat treatment at 650 K. The reduction of
= H(150 and H210 is accompanied by a corresponding in-

crease of the Pt donor signals. The Pt donor signals are fully
recovered and the spectrum is comparable with the initial
one after etchingFig. 2(a)].

o | (@ 1 hour 650 K

?

2. Depth profiles of Pt-H centers
and the effect of reverse bias annealing

0 100 200 300
temperature (K)

The Pt-H-related signals shown in Fig. 2 can also be

FIG. 2. DLTS spectra of Pt-dopegttype Si. Curve(a), after ~ formed during reverse bias annealing. The main effect of the

etching; curve(b), after etching and subsequent zero-bias annealingeverse bias is to drive the positively charged atomic hydro-

at 400 K for 10 min; curvéc), after etching and subsequent anneal-gen deeper into the bulk. It is possible to modulate the con-

ing at 490 K for 1 h; curved), after etching and subsequent an- centration depth profiles of the Pt-H complexes by adjusting
nealing at 650 K for 1 h. the reverse bias. An example of this is given in Fig. 3.

The concentration depth profiles of the centers directly
samples. The concentration depth profiles of the 50 andfter etching the samples are shown in Figa)3 Level
160-K signals are identical in all samples within experimen-H(210) is only detected close to the sample surface while the
tal error. Further, the activation energy and the hole captur®t single and double donor profiles are uniform. Figuii® 3
cross section of the 160-K signal agree with the values reshows the dramatic effect of a 10-min RBA at 400 K. The
ported for the single donor level of substitutional platinumH(210) signal increases at greater depths with a peak con-
P (Refs. 1-4 and the 50-K signal is in agreement with centration at approximately 10m. We find that the K210
the double donor level of the Pt centerPt".>° The energy  profile depends strongly upon the amplitude of the reverse
positions and capture cross sections are listed in Table |. Wkias applied during annealing. The peak concentration al-
therefore assign the 160-K and the 50-K signals to the singlevays follows the depletion layer edge during annealing, i.e.,
and double donor levels of the platinum center, respectivelyit is located at the same depth as the minimum of the net
While the hole emission rate of the Pt single donor does noboron density(see Fig. 1 No significant changes in the trap
show dependence upon the electric field, we observe an irprofiles are observed if the samples are reverse bias annealed
crease of the emission rates of the Pt double donor witkt lower temperatures where the B-H pairs are stable. This
increasing electric field. demonstrates that the formation of240 is controlled by

A small peak at 210 K labeled K210 is also detected the movement of H drifting through the space-charge layer.
in the spectrum of Fig. ). This signal is enhanced after The increase of the concentration of210 centers is mir-
annealing for 10 min at 400 KFig. 2(b)] while the substi- rored by an almost equal reduction in the substitutional plati-
tutional platinum signals decrease by about the same amoumtum concentration. This strongly suggests that th218

Further heat treatments at temperatures between 400 aeénter is platinum-hydrogen-related and contains only one Pt
510 K lead to a dramatic reduction of the substitutional Ptatom.

TABLE I. List of energy levels, capture cross sections, and the assignment of the deep levels observed in platinum doped silicon. The
activation energies of ®0) and P(50) are field dependent and the values are given from extrapolation to zero field.

Level Diode type Activation energgeV) o, or op(c?) Assignment
E(90) n-type E-—0.18+0.01 1x10° Y7 Pt-H related
Pt(120 n-type E-—0.23+0.01 5x 10715 pt/0
E(250 n-type E-—0.50+0.01 2x10 16 Pt-H related
Pt(50) p-type E,+0.09+0.01 2x10° Y7 ptH/tt
H(150 p-type E,+0.30+0.02 9x 10 16 Pt-H related
Pt(160) p-type E,+0.33+0.01 8x10 16 poT

H(210 p-type E,+0.40+0.03 3x10° Y Pt-H related
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FIG. 3. (a) Depth profiles of the platinum-related defects
P&, Pt H(210), and H150) after wet-chemical etchingb)
after subsequent RBA at 400 K for 10 min using a reverse bias o
—8V, (c) after additional RBA at 440 K for 30 min.

FIG. 4. DLTS spectra of Pt-doped-type Si. (a) Cleaved
?ample,(b) after etching(c) after etching and subsequent zero-bias
annealing at 400 K for 1 Kd) after etching and subsequent anneal-
ing at 640 K for 1 h.

Further RBA at 440 K results in a formation of the o . .
H(150 center. This is shown in Fig.(8). The sharp profile E(250 coincides with thg so-called midgap |e§/é‘r:13'14and
of H(150 resembles the hydrogen profile during the anneal{n€ level E90) hgzaprewpusly been obsigrveq in Pt-doped
ing. The atomic hydrogen piles up at the depletion layer edgg@MPles by Lemkeand Stdfler and Weber.” A first identi-

where H150) is formed. Within the same region a suppres- ication of these two levels as platinum-hydrogen centers

sion of the platinum donor signals is evident. It should beWaS given in Ref. 16.

noted that H210) is also reduced during formation of We studied the field dependence of the emission rates for
H(150. This indicates that some of the(210) traps trans- all three levels. The electron emission rates of the platinum
form into H(150) while the density of KR10) traps remains 2cceptor and 50 do not exhibit any field dependence.
constant after the A50) signal has been maximized. From However, the emission rate of(#D) increases with higher

L : : 5
these studies we conclude that also ta54) level must be  €€ctric field, suggesting that(@D) is a donor trag: .
platinum-hydrogen-related. A 1-h zero-bias annealing step at 400 K results in a de-

Capacitance-voltagéCV) profiling reveals the single ac- crease'of all s!gnaléFlg. 4()]. No new peak appears, _bUI
ceptor character of the (#50) level. CV profiles, measured anneallng at higher tempera}tures leads .to a reactivation of
between 200 and 300 K, show a corresponding increase iiji€ Platinum acceptor which is accompanied by a decrease of
the net acceptor density at a depth where 58 signal is e E90) and H250 signals. Spectrunid) in Fig. 4 shows
maximized. At these temperatures the hole emission rate Jpe corresponding .DLTS spectrum after a 1-h anneal at 650
H(150) is faster than the frequency used to step the voltag- 1"€ concentration of @0) and H250 is strongly re-
during the CV profiling. The KL50 trap is therefore occu- duced .Whl|e the platinum acceptor concentration is signifi-
pied during the measurements, which is detected as an addi@ntly increased.
tion to the net acceptor denstt. _

2. Net donor profiles
B. Platinum-related centers inn-type silicon We first demonstrate significant differences in the anneal-
ing behavior of the net phosphorus donor concentration pro-
files in platinum-doped samples and reference samples not

In n-type Si we observe in cleaved samples, i.e., beforeontaining platinum. This is depicted in Fig. 5. The samples
etching, only one peak at 120 Kig. 4(a)]. The activation were wet-chemically etched, contacted, and then subse-
energy and the electron-capture cross section of this DLT§uently annealed at 350 K under a reverse bias of 10 V. The
level agree with the values reported on the acceptor level afiet donor concentration after etching is reduced close to the
substitutional platinum Pt%.2=% The concentration profile of sample surfacéat depths<4 um). Reverse bias annealing of
the platinum acceptor is always uniform in the cleavedthe reference sample causes a reactivation of phosphorus do
samples and is used as a reference. In contrapttype Si  nors in the surface region due to the dissociation of electri-
we observe that directly after wet-chemical etching the Ptally inactive phosphorus-hydrogen pajisee Fig. §a)]. A
acceptor signal decreases significantly while two new peak$-h heat treatment results in a flat phosphorus profile. The
appear in the spectrum at 90 and 250Mg. 4(b)]. The level  reactivation rates of phosphorus dopants agree with dissocia-

1. Basic features of Pt-H complexes
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FIG. 5. (@ Net phosphorous donor profiles mtype silicon
(reference sampleat room temperaturéb) Net phosphorus donor FIG. 6. (a) Depth profiles of the net shallow phosphorus con-

profiles in platinum-dopech-type silicon at room temperature. centrations after etching and after subsequent annealing at 400 K
Solid curve, after wet-chemical etching; dashed curve, after RBA a5r 30 min. (b) Depth profiles of the platinum-related defects

350 K for 10 min using fi reverse bias ofLl0 V; dotted curve, after Pt E(90) and H250) after etching. The sum of the concentra-

RBA at 350 K for 60 min. tions of these defects is also shown) Depth profiles after addi-
tional annealing at 400 K for 30 min. The arrows mark the peak

tion rates of P-H pair8®®’ In contrast top-type material Positions of the E90) and E250) signals.

(compare Fig. Lwe do not observe a drift of the released

hydrogen to the end of the space-charge region during arfind after a subsequent zero-bias annealing at 400 K for 30

phorus doped silicorY. donor profile. The corresponding trap profiles from DLTS

The behavior in Pt-doped samples is different. Directlydepth profiling are shown in Figs(i§ and @c). After etch-
after etching a reduction in the net donor density is observel’d [Fig. 6b)] the Pt acceptor concentration decreases to-
as in the reference sampl€ig. 5(b)]. However, the RBA wards the _surface while(B50 and E90) have a maximum
treatment results in only a minor recovery of the net donoconcentration at depths between 1.5 andn2 and then de-
concentration in the surface region in contrast to the referc'€ase rap|gly towards the bulk. The sum of the concentra-
ence sample. Annealing for longer periodsrifah atthis ~ tions of PT™, E(250), and E90) is also shown. Assuming
temperature does not significantly change the net donor prghat each center contains one platinum atom we note that the
file. Since the P-H pairs caused by the wet-chemical etchin§Ptal concentration of electrically active platinuisolated or
are dissociated after such a treatment the decrease of the @yolved in complexesis uniform except very close to the
donor density in the near-surface region is due to some othé&urface where the sum decreases. At depths greater than 2
phenomenon than P-H pairs. This suggests that complexing™. the sum equals the platinum concentration in the
of hydrogen with phosphorus is inefficient in Pt-doped sili- cleaved samplébefore etching _
con presumably because the platinum and phosphorus are Upon heat treatment at 400 [IKig. 6(c)], all trap profiles
competing for the hydrogen. One possible explanation foshift inwards resulting in a rapid decrease of the sum proﬁle
the decrease of the net donor profile close to the sampl@wards the sample surface at depths less tham3 This
surface is compensation by an acceptor state below midgdghavior above is consistently observed and we made sure
which is filled during the CV profiling. Such an acceptor that this is no artifact of the experiment. The shift of the net
would be platinum-hydrogen-related and would exist only indonor profile[Fig. &@a] is always accompanied with a cor-
the hydrogenated region. In this work, we demonstrate thaiesponding shift of the profiles of the deep trapsmpare
this most likely is the case in Pt-doped silicon. Based orf-1gs. Gb) and @c)]. This is explained as hydrogen diffusion
annealing studies, detailed below, we suggest that the acceffom the sample surface region towards the bulk during the
tor level H150) (detected inp-type samplesis responsible annealing at 400 K. The incoming hydrogen interacts with

for the decrease in the net donor density shown in Fig).5 the substitutional platinum and the already formed Pt-H cen-
ters E90) and E250). Closest to the sample surface, an elec-

) , trically active Pt-H complex is formed having an acceptor
3. Depth profiles of the different Pt-H defects level below midgap. This center is formed at the cost of
We first consider the evolution of the CV profiles and thePt’°, E(90), and H250. Although not observable with
deep trap profiles upon annealing at 400 K. Figui@ 6om-  DLTS, this complex is detected indirectly as a compensation
pares the net donor profiles of a sample directly after etchingf phosphorus donorfg=ig. 6(a)] and a decrease of the sum
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profile [Fig. 6(c)]. According to our hypothesis, the net do- 4. Annealing behavior of platinum-hydrogen-related complexes
nor profile and the sum profile should both provide informa-

! ; ) We now turn to the annealing behavior of the Pt-H com-
tion on the concentration of this Pt-H acceptor center. HoWyayes at higher temperatures. Several samples with identical

ever, a quantitative comparison between the CV profiles it atinum concentrations were wet-chemically etched and an-
Fig. 6&) and the trap depth profiles is not possible due tope51eq subsequently at temperatures between 400 and 650 K
uncertainties in the absolute concentrations values of thg,. 1 1 followed by the Schottky contact preparation.

deep traps extracted from CV profiling. Figure 7 shows the evolution of CV profiles upon anneal-
The shift of the profiles of 0) and H250) after the heat g The heat treatment at 400 K results in an inward shift of

treatmen(Figs. &b) and Gc)] is explained in a similar way. the net donor profile as already discussed above. No free

Closest to the surface where the hydrogen concentration ﬁydrogen is left in the samples after 30 min at 400 K. The

highest the Pt-H acceptor center is favored, while deeper iBhosphorus-hydrogen pairs are fully dissocidtdd and

the bulk, where the hydrogen density is lowe(9& and : 4 .
g . . most of the hydrogen is probably either complexed with
B(250 are the only PtH centers. During the annealing at latinum or lost as inert KH°° Additional annealing at tem-

400 K hydrogen diffuses deeper into the sample resulting i . )
a transformation of the @0) and HE250) centers into the peratures below appro_X|mater 470 K results in no further
Pt-H acceptor centefat depths<3 um). At the same time change of the CV profilegnot shown. However if the an-
new E90) and H250) centers are formed at greater depthsn€aling temperature is raised to approximatel 49a sig-
[Fig. 6(C)]. nificant inward shift of the donor profile is observed. This is
No significant change is observed in either the net donofccompanied by a slight recovery of the donor density clos-
profiles or the profiles of the deep traps upon further annealest to the surface. Annealing at 520 K results in a flat donor
ing at 400 K. This means that no free hydrogen is availablerofile with the density equal to that obtained in a cleaved
for complexing with platinum after 30 min at 400 K. It (hydrogen fregsample.
should be noted that from the CV profiles presented in Fig. The corresponding deep trap depth profiles are shown in
5(b) it appears as if the source of hydrogen is not only P-HFig. 8. We have also calculated the depth profile of the Pt-H
pairs. Possibly some hydrogen is also trapped in the samphcceptor center by subtracting the sum of the concentrations
surface layer and this additional hydrogen is already conef E(90), E(250), and the Pt acceptor from the uniform
sumed after 30 min at 400 K. platinum concentration determined in the cleaved sample
The shift of the net donor and deep trap profiles depictedsee Fig. &)].
in Fig. 6 can be reduced by applying a reverse bias to the As already discussed, a heat treatment at 400 K results in
sample during the annealing at 400 K. Likewise, a preanneakn inward shift of the profiles of all Pt-H complexes and a
ing at 350 K(as in Fig. § using reverse bias followed by a reduction of the Pt° acceptor at greater depttdashed lines
zero-bias annealing at 400 K results in a significantly smallein Fig. 8. The shift is caused by the diffusion of atomic
shift of the net donor and the deep trap profiles than in Fig. 6hydrogen deeper into the bulk and the formation of new Pt-H
This means that a considerable fraction of the atomic hydroeomplexes. As in the CV profiles, we find virtually no dif-
gen is lost during annealing under reverse bias. One possibference between the depth profiles in samples annealed be-
way of explaining this is that the atomic hydrogen becomesween 400 and 470 K for 1 h. We also did not observe any
positively charged within the space-charge redfioand is  changes of the profiles in samples which were annealed at
driven to the sample surface during the heat treatment ind00 K, then measured and subsequently annealed again at
stead of diffusing into the bulk. We have not studied thishigher temperature@p to 470 K.
effect of the reverse bias any further since it is of minor Annealing at 490 K causes, however, a further shift of the
importance in this particular study of Pt-H complexes. maximum concentration of (80) and E250) (dotted lines in
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correct the Pt-H acceptor complex should contain more hy-
drogen than the electrically active defect®@® and E250.

(a) level E(90) (b) level E(250)

% ) A rough estimate from the concentration depth profiles gives
o | that the Pt-H acceptor center contains 2—3 times more hy-
g drogen than the ®@0) and E250 centers.

s of After the Pt-H acceptor has annealed out we observe a
B (@) PLH acceptor gradual reactivation of the platinum acceptor and a corre-
2 4f > ——etched | sponding reduction of ®0) and E250 with increasing an-

Q - = -1 hour 400 K : - - -

e - nealing temperatures. The resulting platinum depth profiles
s . 2 ]\ T . e 1 OUF 490 K .

8 2 N 1 hour 520 K after 1 h at 650 K are flat and theoncentration approaches

the value in the cleaved sample. We find th&@® anneals

- - — ] out at slightly lower temperatures thaii250). The concen-

0 2 4 6 8 tration of E90) is always significantly lower than the corre-
depth (um) sponding concentration of(E50) (see Fig. 8 These prop-

erties suggest that(80) and E250) belong to two separate
FIG. 8. Depth profiles of the platinum-related defects in platinum-hydrogen complexes.

n-type Si after etching, and after subsequent annealing steps for 1 h

at the temperatures indicate@ The E90) center,(b) the E250)

center,(c) the Pt acceptor, anfl) the Pt-H acceptor. IV. DISCUSSION

A. Correlation between different Pt-H levels

Fig. 8. The Pt-H acceptor complex extends deeper into the in p- and n-type Si

bulk while its concentration decreases at depis5 um.
This reduction in the concentration close to the surface is In this section we intend to give possible relations be-
accompanied by an increase of9B) and E250 while the tween the Pt-related deep levels pr and n-type samples.
concentration of the P{ acceptor level remains negligible. The electrical data of all the levels is presented in Table I. In
This indicates the transformation of the Pt-H acceptor centerg-type silicon two platinum-hydrogen-related deep levels
into E(90) and H250) without an involvement of the substi- H(210 and H150) are observed. t150 is an acceptor
tutional Pt. At greater depthé=3 um) we detect an addi- level. The levels belong to two separate Pt-H complexes.
tional reduction of the Pf° acceptor which is accompanied H(150 probably contains more hydrogen thar(280. A
by an increase of the concentration of all the platinum-portion of the H210) centers transforms into (#50) during
hydrogen-related defecf&(90), E(250), and Pt-H acceptgr ~ annealing between 400 and 500 (ee Fig. 3. In n-type
Further increase of the annealing temperatg20 K) re-  samples Pt-H complexes with level49B) and E250 are
sults in a flattening of all profile@ashed-dotted lines in Fig. detected and an additional Pt-H defect is present with an
8) whereby several processes can be distinguished. First, ti&gceptor level below midgap. This acceptor center contains
concentration of the Pt-H acceptor decreases and it is almogtost likely more hydrogen than(0) and E250). The Pt-H
completely dissociated aftel h at 520 K[see Fig. &)]. acceptor dissociates above 500 K and the released hydrogen
Second, the concentrations ofdB) and E250) increase in  generates an increase in thédB and E250 signals(see
the same region, i.e., at deptls um, supporting the sug- Fig. 8).
gestion that the Pt-H acceptor transforms int®@ and The main drawback of the DLTS technique used in this
E(250. The annealing behavior of the Pt-H acceptors as exwork is that only traps in the lower half of the band gap are
tracted from DLTS depth profiling of @0), E(250, and the monitored inp-type samples and in analogy, only traps in
Pt centers is remarkably similar to the changes in thethe upper half of the band gap are accessiblenitype
depth profile of the net phosphorus concentratisee Fig. samples. In principle it is possible to obtain information on
7). This strongly supports our idea of a Pt-H acceptor centedeep levels within the whole band gap with the help of
below midgap. minority-carrier injection using light. Preliminary studies
At 520 K we also observe a substantial increase @0E  with minority-carrier injection inp-type samples reveal that
and E250 at greater depth&=5 um) where the Pt-H accep- the midgap trap 250 is present with higher concentration
tor is not present. At the same time, the reduction of thehan the H210) signal. This suggests thatZ50) and H210)
Pt acceptor extends deeper into the bulk. The reduction oflo not belong to the same defect center. Measurements under
the substitutional Pt concentration equals the increase in thainority-carrier injection inn-type samples were not suc-
E(90) and E250 concentration. This means that additional cessful.
hydrogen is needed at depth$ um for the creation of the The formation of Pt-H complexes depends strongly upon
platinum-hydrogen-related defects(98) and E250. As the interaction between hydrogen and the shallow dopants in
mentioned above all phosphorus-hydrogen pairs are dissodihe samples. Ip-type Si, most of the hydrogen is complexed
ated at lower temperatures and can be neglected as a souwith boron after etching. In contrast, pairing of phosphorus
of hydrogen. The most probable explanation is that excesand hydrogen im-type Si is much less efficient, which al-
hydrogen is released during the transformation of the Pt-Hows a considerable formation of Pt-H complexes already at
acceptor complex into @0) and E250) in the region closer room temperature. A similar difference between the forma-
to the surfacé<5 um). The hydrogen diffuses into the bulk tion rate of Au-H and Co-H complexes in- and p-type
leading to the decrease in the substitutional Pt concentratiosilicon was recently reported:>>?* However, the dopant-
and the increase of (BO) and E250). If this assumption is hydrogen pairs are less thermally stable than the Pt-H com-
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plexes. This makes the effect of different dopants insignifi-
cant at higher temperatures where the dissociation of Pt-H

complexes is investigated.
We can separate the different Pt-H related features in two E(S0)

groups according to the thermal stabilities of the levels: E(250)
A

E(90), E(250), and H210 anneal out between 600-650 K
while H(150 and the compensating Pt-H acceptor in
n-type Si disappear already at about 520 K.

Concerning the first group, the concentration ¢2%0) is
always significantly larger than the concentration ¢9@
and extends deeper into the bulk. This strongly suggests that
E(90) and E250 belong to separate Pt-H complexes. Also, Pt Pt

n-type Si

300 Kk
300 K

A
N
o)
)
=

M00S <1

as mentioned above,(BI10) and K250 belong to different

Pt-H complexes. The only possible connection within this 300 K /

group is then between (@10 and K90). Further studies are in n-type Si 4 T> 530K

needed to establish if these levels belong to the same Pt-H Tsaor LHU50) | ———»

complex. in p-type Si 4 \
Below, we concentrate on the possible connection be- / .

tween the Pt-H acceptor imtype Si and the KL50 acceptor H 2, § 7 S H

level in p-type Si. Indeed, all the experimental observations G N § g

support that these two states are identical. First of all, from ~ =

the compensation of the shallow phosphorus donors upon Jv

hydrogenation, it is clear that there exists a Pt-H center with H(210)

an acceptor level below midgap. The thermal stability of the _

Pt-H acceptor and 50 is also strikingly similar, both an- p-type Si

neal out just above 500 K. In addition, both centers need
high concentrations of free atomic hydrogen to be formed. FIG. 9. Schematic diagram of the reactions observed involving
The hydrogen richest regions mtype samples are always platinum and hydrogen. The levelg9), E(250), and H210) ap-
closest to the sample surface while we can use RBA to corpear after wet-chemical etching. Leve(#$0) is formed inp-type
trol the hydrogen density ip-type samples. During forma- Si during annealing at 400 K, but can already be detected as
tion of the Pt-H acceptor and (11500 a simultaneous de- compensation of phosphorus donorsiitype Si directly after etch-
crease of the density of the other Pt-H centers is observedng. H(150 dissociates at 3500 K, while E90), E(250, and
Similarly, the dissociation of the Pt-H acceptor and D) is  H(210 are thermally more stable.
accompanied with an increase of the other Pt-H related sig-
nals. In summary, the experimental data supports that thg-type Si remained unaffected. This observation disagrees
H(150 level in p-type samples is the acceptor level of awith our data. It is also surprising that the authors did not
Pt-H complex observed as compensation of the phosphorushserve any platinum-hydrogen-related deep levels. Also,
donors inn-type Si. This is schematically shown in Fig. 9 the second donor level of platinum is not present at all in
together with all the reactions which we observe betweenheir spectrum while it is systematically observed in all our
hydrogen and platinum ip- andn-type silicon. substrates. We suggest above that the Pt-H complex which is
indirectly observed as passivation of platinum acceptors ac-
_ _ _ _ tually has an acceptor level below midgag1B0. No such
B. Comparison with previous DLTS studies level is reported in the studies of Pearton and H&llend
of Pt-doped silicon the spectra indicate no shift or change of the platinum single
Deep levels similar to the ones reported in the presen@lonor peak. In summary, our data disagree with the results of
work have previously been observed in Pt-doped Schottky?earton and Haller. We have no explanation for this dis-
diodes. A frequently encountered level is the midgap level ircrepancy. Further studies on silicon hydrogenated by plasma
n-type Si, in our notation 250). In a preliminary repolf  are needed to clarify this issue.
we compare B250) with previous worR1%**4and found
that this level was observed by a number of authors but not
interpreted as belonging to a platinum-hydrogen complex. In
addition £90) and H210) were reported by one of 3sA Uftring et al?° reported on a Ptkicomplex using electron
level with a similar activation energy as(#L0) has often paramagnetic resonance and vibrational spectroscopy tech-
been observed in platinum-dopedtype SiZ***?However, niques. The authors also observed several other vibrational
this particular level is detected im" p junctions after heat bands that belong to separate Pt-H complexes. In these stud-
treatments above 700 °C which disagrees with the thermaés hydrogen was introduced by annealing the samples in
stability of H(210). One possible candidate for this level in hydrogen ambient at 1250 °C. Such a treatment results in a
the n™ p junctions is the interstitial iron donor level. uniform atomic hydrogen density in the bulk of the order of
Pearton and Halléf reported on hydrogen passivation of 10*° cm™ 3. This differs from our samples where hydrogen is
the platinum acceptor in-type Si using remote plasma hy- introduced to the sample surface layer by wet-chemical etch-
drogenation. In contrast, the platinum single donor level ining.

C. Previous spectroscopic studies of Pt-H complexes
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level lying between the single acceptor level of platinum

Pt-H (Ec—0.23 eV} and the single donor level (B-0.33 eV.
Pt related  Pt-H, This is depicted in Fig. 10 together with the deep levels
— Ec observed in the present study. The Pddmplex anneals out
o029 H
} E(90) at 600 °CG° but is unstable already at temperatures above
0 400 °C. If we compare the thermal stability with the deep

centers in the present study(9B), E(250), and H210) could
be levels of such a complex. However, as mentioned earlier,

E(250) E(90) and E250 most likely belong to different Pt-H com-
plexes. E90) is also too deep to be the second acceptor level
0 H(210) of PtH, and the field dependence of the electron emission
¥ H(150) rate suggests that(#) is a donor trap. It is also possible that
the second acceptor level of Btlis too shallow to be de-
+++ tected with DLTS. This leaves us with B50) and H210) as
EV possible candidates for the first acceptor level of PtFur-

ther DLTS studies of samples containing P&e needed to

FIG. 10. Energy-level diagram showing the levels of Pt, Pt-HeStainSh such a correlation.
related centerghis work), and PtH (Ref. 29. The open rectangles
indicate that the second acceptor level of the Ptemplex is be- V. CONCLUSIONS

It\el\le!e?r;s%;t\%g:r? Eei/oazn?()j e%_:r;é EX oagg 2:;’“ the first acceptor Four platinum-hydrogen related deep levels are identified
' ' ' in hydrogenated Pt-doped silicon. These four levels belong

to at least three different Pt-H complexes. We observe the

Pt-H centers in samples where hydrogen is introduced by

We h it ted to fabricat | ith unif h wet-chemical etching and in samples where hydrogen is in-
€ have attempted fo fabricate samples with uniform y'corporated during crystal growth. In contrast to earlier

drogen den_sity to Sgnab'e more direct comparison with th?eporty we find that hydrogen forms only electrically active
data of Uftrlnge_t al™ For these purposeso Pt-doped Samplesplatinum—hydrogen complexes. One of these complexes has
were annealed n hydrogen gas at 1200 °C for 30 min. Hows acceptor level, 50, approximately 0.3 eV above the
ever, DLTS. studies of such samples reveal many NEW SIgNaE, ence band. It contains more hydrogen than the other Pt-H
which dominate the DLTS spectrum. By comparison Wlthrelated defects and is readily formed bothninand p-type
reference samples not doped with plau.nu.m we find that thpsilicon. At temperatures between 400 and 500 K we observe
nevF\; Ievelt? are pLobany caus;td dby |n(;r|n3|ctd|ef_ects. artial transformations between the different hydrogen-
ecently, we have grown F-doped Crystals in argon gapg e complexes resulting in an increase of the one contain-
ambient containing trace amounts of hyd_rogen. Interestmglyi,ng more hydrogen. This hydrogen-rich complex is thermally
the DL;F% spk))ectra _?_LSUChI SZTpres are Idtimtlct?ll tc;] tge ON&§nstable above 500 K and upon its dissociation the concen-
plretsen € ? tO\ée' ¢ € only difierence 'i al 3. ty.brotgznt'ration of both isolated platinum and other hydrogen-related
Fha 'nu;n'r?;‘]e b Iliap')l'sh' ar(r-:; nO\;\;] tuEI grmy t'ls fl du? complexes increases accordingly. Annealing above 600 K
rougnout the bulk. This shows that hydrogenation dufingag it jn 5 complete dissociation of all complexes and the

crysta] growth gives rise to the same Pt-H centers as hydr Substitutional Pt concentration reaches its initial value before
genation performed at room temperature by wet-chemic ydrogenation

etching. This suggests that the samples in the study o
Uftring et al?® should contain similar Pt-H complexes as our
samples. One important difference though is that the plati-
num concentration in their samples is presumably 2—3 orders We thank H. J. Queisser for his interest and support
of magnitude higher than in our sampléshich also ex- throughout this work. We are indebted to G. I. Andersson
cludes DLTS studies on their samples (Chalmers University of Technology, @&borg, Swedenfor
The PtH, complex is amphotheric with two levels within providing the computer program for depth profile calcula-

the silicon band gap® a double acceptor level located be- tions and acknowledge the technical assistance of W. Heinz
tween E—0.045 eV and E—0.1 eV, and a single acceptor and W. Krause.
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