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Silver-hydrogen interactions in crystalline silicon
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The creation of defects by hydrogen in silver-doped silicon crystals is investigated by deep-level transient
spectroscopy. The electrical activity of the substitutional silver impurities can be totally removed due to defect
formation with hydrogen atoms. However, this process includes the creation of intermediate electrically active
silver-hydrogen complexes. One of the defects, Ag-¢tbntains one hydrogen atom and introduces three levels
in the energy gap. Another electrically active complex is formed by addition of a second hydrogen atom to the
Ag-H, defect. The Ag-H complexes are stable up to 300—350 °C. The electrically inactive complex includes at
least three hydrogen atoms and anneals out480 °C. The kinetics of the defect transformations are studied
in detail, and the distance of silver-hydrogen interaction is estimated to be very close to the lattice parameter.
[S0163-182699)02308-3

. INTRODUCTION sulted in the decrease of both the silver d8rord acceptd?
level concentrations in the near-surface region. Since the
The study of hydrogen interacting with substitutional Procedure of the Schottky-diode preparation included chemi-
transition-metalTM) impurities in Si has led already to the Cal etching, the changes observed have been ascribed to hy-
identification of electrically active hydrogen-related defectsdro9en passivation of the silver levels. Additional deep lev-
for Au, =2 Pt*® and P In this paper we present data on the els, Whlch appeared after thermal anngallng, were tentatively
formation of hydrogen complexes with Ag, which is the iso- associated  with  electrically  active silver-hydrogen

) _ complexe$.
electronic analog of gold. Therefore, the comparison of these " 1o present paper gives a systematic deep-level-transient-

two impurities should reveal similarities of the C‘?”eSpOT‘d'spectroscopXDLTS) study of the interaction of hydrogen
ing TM-hydrogen defects. The study of the Ag-H interactionyith sjlver in silicon. It is shown that the electrical activity of
also has practical implications because silver is used for metsjiyer can be fully passivated by hydrogen. However, the
allization in integrated circuit fabrication, and the incorpora—process of passivation includes the formation of intermediate
tion of hydrogen is practically inevitable during device pro- sjlyer-hydrogen complexes, which are electrically active.
cessing. _ _ ~_ Based on the spatial distribution and formation kinetics, en-
The literature on the electrical properties of silver in sili- ergy levels observed after hydrogenation are assigned to dif-

con is rather limited*° This is explained by the very high ferent silver-hydrogen complexes. Preliminary results of our
diffusion temperature, which is needed to obtain a noticeablgy, gy were already published in Ref. 14.

concentration of electrically active silv&t.The available
data for the electrical activity of Ag always give two deep Il. EXPERIMENT
levels: an acceptor level near the middle of the gap, and a
donor level 0.34-0.40 eV above the top of the valence band.
These levels are very similar to the energy levels of gold, and Silicon single crystals were doped with silver during the
are commonly attributed to the isolated substitutional silveffloating-zone growth process.The crystals were codoped
atom. The origin of the acceptor and donor levels in Au-with phosphorus [(P]=2% 10"*cm™3) or boron (B]=1.5
doped samples was clearly related to substitutionat‘Au. X 10*cm™%). Samples were cut from two differenttype
There are only a few reports on the formation of silver-crystals, which differed by the cooling rates after crystal
hydrogen-related defects in silicon. Pearton and Tavendalgrowth (type I: 10 K/s, type II: 1 K/ In all samples the
were the first who subjected Ag-dopgdn junctions to a concentration of the electrically active Ag atoms-~i§5% of
hydrogen plasm& Both substitutional Ag levels disap- the shallow dopant concentration.
peared after a plasma treatment @ h at 300 °C.Other The hydrogenation of the samples was performed during
authors reported that the annealing of Schottky diodes prewet chemical etching in the acid solution
pared on silver-doped silicon at moderate temperatures redF:HNO;:CH;COOH (1:2:1) at ambient temperatures. The

A. Samples
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etching rate is about 2@m/min. The Schottky contacts of
2-mm diameter were fabricated by vacuum metal evapora-
tion at room temperature with Au amtype samples and Al —typel

on p-type samples. Ohmic contacts were produced by -~ ypell
scratching the back side of the samples with an eutectic InGa
alloy. Ag’

Some chemically etched samples were annealed at tem- “
peratures between 200 and 500 °C foh in an Aratmo-
sphere. No additional surface treatment was performed in
this case before Schottky diode fabrication.

a) cleaved n-type Si

b) cleaved p-type Si

DLTS signal

B. Measurements

The measurements were performed on a computerized
DLTS system. The lock-in amplifier provided the sine-wave
correlation. If not indicated otherwise, the lock-in frequency
was set to 18 Hz. Activation energies and capture cross sec- Ag’
tions of the defects are determined from the Arrhenius plot of
the emission rates, using the stand&fdcorrection. In addi- L P L P
tion, we determined the capture cross section of most levels 40 100 160 220 280
by the variation of the filling pulse width. Generally, the Temperature (K)
temperature dependence of the emission rate was extracted
from the DLTS maximum position at different lock-in fre-  FIG. 1. DLTS spectra from cleaved Ag-doped samples.
quencies. However, for strongly overlapping DLTS peaks,n'type Si. (b) p-type Si. Type-l samples were cooled faster after
the capacitanceQ-t) transients were recorded at different S7YSt2l 9rowth(10 K/g) compared to type-Il sampled. K/s). (ve
temperatures near the maxima of these peaks, and the emis#2 S + tr=1ms,Vr==2V, andV,=0V).
sion rates were obtained from a deconvolution of the tran-
sients into two exponential decays. To improve the accuracincluded in the evaluation of the deep-level defect concen-
of the emission rate calculation, the transients were recordeiation. In the case of overlapping peaks the interference of
from the regions, which were located at different depths andhe DLTS signals, which arise from different centers, was
had different ratios of the overlapping peak amplitudes. Therlso taken into account during the profile calculation.
the deconvolution was performed under the assumption that
the emission rates did not change with depth. The effect of
electric field on the carrier emission rate was investigated by Il. RESULTS
the double DLTS(DDLTS) technique, so that the emission
from the samdusually near surfageegion was measured at
different reverse biases. Typical DLTS spectra of cleaved, Ag-doped samples are

The spatial distribution of the deep-level centers was calgiven in Fig. 1. In Fig. 1a), spectra are shown for the two
culated by digital differentiation of the DLTS signal depen- different n-type Si samples, which were cooled differently
dence on the filling pulse amplitude at a fixed reverse biasafter growth. The type-I sample, which was cooled faster,
The inhomogeneous profile of the shallow dopants, whictshows only the Ag™® acceptor level E1:E.—0.55eV) of
was determined from th€V measurements, was properly substitutional Ag. We will keep the original labeling of the

A. Cleaved samples

TABLE I. Energy levels, majority carrier capture cross sections, and assignment of the deep levels observed in silver-doped silicon.

Activation energyE,

Level (eV) 0.2 (10" Bcmd) a® (107 5cnd) Assignment
Ag~O(E1) Ec-0.55 7.5 0.12 Silver acceptor
E2 Ec-0.45 0.24 (Ag-H)y "©

E3 Ec-0.09 0.67 0.001%9 (Ag-H)='~

E6d Ec-0.5 (Ag-Hp) "
Ag* (E4) Ec-0.30 1.3 (Ag-Ag) (Ref. 15
E5 Ec-0.46 1.7 (Ag-H)
Ag¥t(H1) Ey+0.37 97 3.8 Silver donor
H2 Ey+0.28 6.6 25 (Ag-HY™

H3 Ey+0.38 2.1 0.66 (Ag-R)*

3 rom extrapolation of the Arrhenius plot.

bFrom variation of the filling pulse width.
“Temperature dependent. The value at 52 K is given.
donly indirect evidence exists for this level.
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FIG. 3. Depth profiles of the defects observeahitype(l) crys-

FIG. 2. DLTS spectra of the-type(l) silver-doped sample mea- 5| after chemical etching. The dashed line represents the sum con-
sured after chemical etching in the near-surface re¢sofid line centration of the Agl® andE2 centers.

and deeper in the crystal bulllotted ling. Spectra in the inset were

taken at much lower lock-in frequency. B2 and Ag ™ centers . .
contribute to the DLTS signal at intermediate defithshed curve property of the Capture Cross section was found for f[he silver
acceptor level. This behavior was reported already in Ref. 9,

but is not understood.

hydrogen-induced levels which was proposed in Ref. 14, but
for the original substitutional Ag levels we will use in this B. Chemically etchedn-type samples
manuscript the donor or acceptor assignment AgAg"°,
etc. An additional level Af, which was originally labeled
E4 at Ec—0.30eV, was detected only in the type-ll The DLTS spectra from-type(l) Ag-doped crystals after
samples. For both the A@ and Ag" levels we find a ho- chemical etching are shown in Fig. 2. The dotted curve was
mogeneous distribution into the bulk. The origin of the cor-measured with a high reverse bi@) V) and a small filling
responding center for the Agevel is still under discussion, Pulse amplitudeS V). Under these conditions only the cen-
but a similar DLTS peak was reported in several publicationd®'s located at greater depthis8—11um) contribute to the
on Ag-doped ST-°5L emke-"®studied the thermal stability DLTS signal. The deep—level_spgctrum is very similar to that
of the Ag* level: at around 600 °C, Agfully transforms into of cl_eaved samples. The activation energy and capture cross
substitutional Ag, and an interstitial-substitutional Ag-Ag section c_J}‘Othe peak at 258 K correspond to the silver acceptor
) . . level Ag " (see Table)l A small shoulder at-200 K can be
pair was proposed to explain the thermal properties df.Ag

) detected, which was also reported in many previous publica-
+ L
In p-type samples, the A§ donor (labeledH1 in Ref. 14 tions on silver-doped silicoh?3 The concentration of this

of substitutional Ag £, +0.37 eV) is the only dominant trap - yefect is always small compared to that of the silver accep-
in the type-I and -1l samplefFig. 1(b)]. However, the con-  5r |y the present paper we will not discuss this shoulder
centration of the Ag levels was found to be reduced by g iner.
factor of 2-5 in the type-ll samples. A peak a260 K The solid curve in Fig. 2 was recorded under small re-
(too small for an accurate determination of the activationyerse bias, and shows the DLTS spectrum from a layer lo-
energy was found in the DLTS spectra of all silver-doped cated much closer to the etched surfdeed.5—3 um in
p-type samples. The peak position is the same as for thgepth. The silver acceptor signal disappears while two peaks
Ag~"level inn-type crystals. Therefore, we believe that this with similar amplitudes labeleB2 andE3 appear. Note that
peak is caused by the process of partial filling with electronghe E2 level is rather close to Ad®, and DLTS measure-
of the Ag© level in the space-charge region. Consideringments at intermediate depths result in an overlap of these two
the transitions from this level both to the valence and condines. Only the DLTS measurements made at a much lower
duction bands, it is easy to show that the filling rate is deterfock-in frequency(inset in Fig. 2 reveal the simultaneous
mined by the faster transition to the conduction band. A venypresence of both defects.
similar transition is found in Au-doped sampfe’.

The interpretation that the Ag donor and the Ag” ac- 2. Spatial distribution of defect levels

ceptor belong to the same substitutional Ag defect was re- Tpe depth profiles of the levels observed in thiype (1)
cently questioned in Ref. 16. From our measurements-on samples are presented in Fig. 3. The silver acceptor concen-
andp-type samples, we have no support for two different Agtration reaches the constant value known from the cleaved
defects, all our results can be explained with only one subsample in the crystal bulk and is significantly reduced close
stitutional Ag center which has donor and acceptor levels. to the etched surface. The concentrations of Eeand E3

The level position and capture cross section of the substilevels exhibit maxima at 2—4m, and decrease to zero in the
tutional Ag levels and the Aglevel are given in Table I. crystal bulk and toward the surface. For greater depths the
Note the extremely high value of the hole capture cross seaoncentrations of th&2 andE3 levels coincide within the
tion which was determined from the extrapolation of theaccuracy of the measurements. This indicates Hfatand
Arrhenius plot for the A§™ level. In contrast, we have mea- E3 are two levels of the same defect. The sum of this defect
sured this parameter also by varying the filling pulse widthand the silver acceptor concentrations is nearly constant at a
and got an approximately 30 times lower value. The samelepth larger than &m and equals the initial concentration of

1. DLTS spectra of n-type (l) crystals
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electrically active silver. This again supports the supposition
that theE2/E3 defect is formed at the expense of the silver
acceptor. Note, however, that the sum, which represents the
total concentration of all silver-related levels in the upper
half of the gap, is reduced at a dept!8 um.

The apparent difference in the profiles of 52 andE3
levels in the range of 2—4&m is greater than the experimen-
tal error. The origin for this difference will be discussed in
Sec. IV.

e =42s"

DLTS signal

40 100 160 220 280
3. CV measurements Temperature (K)

The CV measurements on the chemically etched Ag-
dopedn-type Si samples_ give nearly flat d_epth prof-lles. for sured after chemical etching in the near surface re¢gofid line)
the' net donor concentration from 3 to L in de_pth, .|nd|- _ and deeper in the crystal bulkiotted ling.
cating that no phosphorus passivation occurs in this region
due to the chemical etching. The space-charge density calcu-
lated from theCV curves reduces from 2:010%%cm™3 at  layer (0.44x 10* and 1.9< 10* V/cm, respectively. The ac-
room temperature, down to xX7L0"cm 2 at 53 K. At tivation energy of th€e3 level measured under the low-field
greater depths this reduction can be easily explained by theondition is 91 meV, and decreases to 79 meV in the case of
influence of the silver acceptor. At room temperature, silvetthe higher electric fields.
is neutral in the space-charge region, and the measured
space-charge density is given only by the phosphorus con-
centration. Electrons captured at the silver acceptor level at
53 K cannot be emitted during the time of the measurement, The deep-level spectra measured in chemically etched
and leave the defect in a negative charge state. Indeed, ttetype (II) samples are shown in Fig. 4. In addition to AY
difference in theCV profiles measured at 300 and 53 K is in the Ag" level is present in the bulk of the crystal in high
a good agreement with the A} concentration determined concentrationgdotted curvg The origin of the small peak at
by DLTS. 90 K is not known.

The Ag® concentration decreases toward the surface The solid curve in Fig. 4 demonstrates that chemical etch-
(Fig. 3. However, the reduction of the space-charge densityng of the type-ll samples results in the appearanc&®f
at lower temperatures is the same in the whole region accegnd a newe5 level while theE2 level is hidden under the
sible with CV measurements. Therefore, we conclude thapverlappingE5 and Ag’® peaks. The spatial distribution of
E2 also has acceptor character. In this caseHBBelevel the levels observed in-type (Il) crystals is shown in Fig. 5.
(as well as Ag’) is negatively charged at 53 K, and causesSimilar to then-type (I) samples, the concentration of all the
the compensation of the phosphorus donors in the regiolgvels in the upper half of the gap vanishes at the surface and
close to the surface. ThE3 level is too shallow to trap the sum of the A§ andE5 center concentrations remains
electrons even at 53 K, and therefore does not affecCttfe flat in a wide depth range. The latter indicates that B
measurements. center originates from the Agdefect. Note that the presence

of the Ag*/E5 centers shows no influence on the transfor-
4. Properties of the B level mation of the Ag’E3 levels(the correct determination of

) the E2 center concentration is impossible in these samples
The assignment of th&2 and E3 levels to the same e to the strong overlap of the DLTS pegks

defect and the acceptor charactefs® suggest thaE3 is a

second acceptor level. In this case, the electron capture to the

E3 level should be affected by an electrostatic barrier. The 12
kinetics of this capture have been studied by varying the
filling pulse width. To extend the temperature range, both the “c 1.0}
standard DLTS technique and recording of capacitance tran- =~

FIG. 4. DLTS spectra of-type (Il) silver-doped sample mea-

5. N-type (ll) crystals

sients have been used. The results show that the effective < 08
capture cross section has a strong temperature dependence, §
and increases by an order of magnitude in the range from 44 g 0.6
to 61 K. Even at 61 K the capture cross section-i$00 S o4l
times smaller than the value determined from the Arrhenius §

plots of the emission ratesee Table ). The temperature o2}
dependence of the effective capture cross section corre-
sponds to a barrier of 35 meV for capture.

TheE3 level shows also a strong dependence of the emis-
sion rate on the electric field. Using DDLTS technique, the
electron emission from a narrow layer located near the maxi- FIG. 5. Depth profiles of the defects observednitype (1)
mum of theE3 level distribution has been measured undercrystal after chemical etching. The dashed line represents the sum
two different conditions of the electric field in the analyzed concentration of the AgandE5 centers.

Depth (pm)
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1. As prepared samples

All the DLTS curves taken fronp-type samples immedi-
ately after chemical etching show only the Agdonor level
in noticeable concentratioriBig. 6, dotted curve The Ad”*
depth profile is flat from 3.5um (the space-charge depth of
the unbiased Schottky diodéo 15 um (determined by the
maximum voltage applied

2. Effects of reverse-bias annealing Depth (um)

Chemical etching of moderately dopgetype silicon is FIG. 7. Depth profile€a) of the net acceptor concentration, and
known to result in a strong decrease of the active bororb) and(c) deep-level defects observed in theype sample after
concentration near the etched surface due to the formation @hemical etching and reverse-bias annealing using a reverse bias of
boron-hydrogen pair®. Reverse-bias annealingRBA) in- -4 V.
jects the hydrogen atoms which are stored in the form of the

H-B pairs deeper into the crystéi.The process of hydrogen |eyels differ strongly in the region of low hydrogen concen-
migration can be monitored by the formation of a dip in theyrations andjor for shorter annealing times. Longer annealing
active boron concentration profile obtained from &  {imes lead to comparable concentrationsi@ andH3. This
measurementgFig. 7(a)]. The kinetics of the dip formation gives a hint that thed3 center is formed fronH2 by the
Inour szz%mplgs are the same as those reported in theygition of another hydrogen atom. The dip in e defect
literature;™ which proves that the changes observed in th&yfile in the region of the highest hydrogen concentration
net boron profile are caused by hydrogen. [Fig. 7(c)] gives another evidence for the formation of mul-

The solid curve in Fig. 6 shows the DLTS signal takenihydrogen defects. This question will be considered in more
after RBA at 380 K. The amplitude of the silver donor de- yetail in Sec. IVA.

creases, while two new peaks label¢@ andH3 appear in If the annealing at 380 K is performed without applied

the spectrum. A small peak at 65 K i; only observed i”,afe}"bias or even without a Schottky diodevith subsequent
samples, and is mo/it probably not silver-related. Spatial d'sévaporation of the contagtthe same centers with approxi-
tributions of the A§'", H2, andH3 centers after the RBA ately the same relative concentration as after RBA are ob-
treatment at 380 K for 30 and 150 min, are shown in Figsgepeq by DLTS. However, thel2 andH3 centers are lo-
7(b) and 7c), respectively. The silver donor concentration cateq near the surface in this case, and their concentration
follows qualitatively theCV profile of the shallow acceptors yecreases rapidly towards the bulk.

with & minimum approximately at the same depth as the dip  The analysigsimilar to that performed fon-type samples
in the active boron profile. At the same time, the profiles ofiy sec. 11183 of the CV profiles measured at different tem-
the new defects exhibit maxima at the same depth. Moreseratyres after long-time annealiighen all silver-related

over,_the depth profile of the sum of a}ll these three centergqniers have comparable concentraticaifows us to deter-
remains flat after the short annealing tifitég. 7(b)]. These  ine the donor nature of thd2 andH3 centers.
findings give strong arguments for the association of these

new defects with two different silver-hydrogen complexes.
After longer anneals the sum profile also reveals a dip in the 3. MCTS measurements
region of the highest hydrogen concentration indicating the Due to strong boron-hydrogen interaction it is not clear
formation of electrically inactive complex¢Fig. 7(c)]. from the experiments op-type crystals if theH2 andH3

In all the experiments the concentration of tH2 level  silver-hydrogen complexes could be formed already during
exceeds that of thel3 level. The concentrations of the two room temperature etching without annealing. To answer this
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guestion minority carrier transient spectroscofyCTS)
measurements have been performed on chemically etched o5l
n-type samples. The MCTS curves show that besideEthe

andE3 levels already discussed in Sec. Ill B, two additional ~ ¢_

MCTS signals appear at the same temperatures as expected g 20}
for both theH2 andH3 levels. Inn-type crystals thél2 and i
H3 center are formed already during the etching at ambient T —e— Ag™ (200°C)
temperature and the annealing pitype samples is only s - - - Ag™ (200°C)
needed to dissociate the B-H pairs and release hydrogen. © E3 (200°C)
o
§ ----- H2 (200°C)
D. High-temperature annealing 8 E3 (250°C)

At temperatures above 200 °C the dissociation rate of the St

shallow dopant-hydrogen complexgtosphorus and borpn S S
is so fast that the diffusion of hydrogen is not influenced by oOmogy
the complex formation. At these temperatures the Fermi * "1'2

level in our moderately doped (1.5<2.0"*cm™%) samples
is located practically in the middle of the gap, independent of Depth (pm)
the type of doping, thus providing identical charge states of

the defects im- andp-tvpe samples. Therefore. in contrast to FIG. 8. Depth profiles of the silver acceptor and donor levels
P-typ pIES. ! . and silver-hydrogen complexes found after annealing of chemically

the room-temperature etching where the hydrogen behaviqqp,q g samples at 200 and 250 °C. The eledtfgn’® andE3) and
is qg|te different inn- and p-type Si, !t is expected that an- hole (Ag®* andH2) traps were measured i andp-type samples,
nealing steps al ;200 °C result in the same hydrogen espectively. For the purpose of comparison, the hole trap concen-

distribution in bothn- andp-type crystals. This allows uUs t0 {ration was normalized to have the same silver concentration in the
make a quantitative comparison of the results obtained on thgyik of n- andp-type samples.

samples of different doping type. Such a heat treatment is

referred to here as “high-temperature annealing.” After anneals at 450—500°C, the profiles of the silver
Chemically etched samples of both and p-type have  acceptor and donor levels became flat, and their concentra-

been annealed at 200—500 OC W|th Subsequent evapOl’atIOH %ns approached the Values measured |n the Cleaved

Schottky diodes. The most important result is that no addisamples. This means that all electrically active and passive

tionall deep levels with concgntrations comparable to those 0§ilver-hydrogen complexes anneal out completely during
the silver-related centers discussed above were observed dfich heat treatments.

both the upper and lower halves of the gap. Several small
DLTS peaks appeared in the spectrum but were located very
close to the surface. These levels seem to be related to a
contamination of the samples during the anneal. A. Formation kinetics of Ag-H complexes during
The main effect of annealing at 200 °C consists of a fur- RBA procedure
ther (as compared to the etched sampldscrease of the The Kineti f b S .
silver acceptor and donor concentrations near the surface, an e kinetics of boron passivation In our experiments
increase of the total amount of silver-hydrogen complexe:;agrees with the reported b(_)ron-hydrogen Interaction In the
and a notable shift of their profiles deeper into the Crysta|'|terature. The transformation of substitutional silver to

bulk (Fig. 8. Note the excellent coincidence of the depth silver-related defects takes much more time than boron pas-

profes o he Ag  andES levels messure i e IO & carell analysis of e sher e
sample, with those of the A andH2 levels in thep-type . ytop ydrog
volved in these complexes.

sample, respectively. This coincidence found in all the an- In general. the process of successive. step by step hvdro-
nealed samples is strong evidence that the same defect is 9 ' P , Step Dy step ny

involved in the two pairs of levels. That is, substitutional Ag genation of a defect can be described by the following set of

for the Ag”° and Ad"* levels, and a silver-hydrogen com- €d4ations:
plex for H2 andE3.

IV. DISCUSSION

An increase of the annealing temperature up to 250— dLNo] = —4mDr[Np][H]
300 °C resulted in a further shift of the defect profiles deeper dt '
into the crystal as shown in Fig. 8 for tHe3 level. This
caused an expansion of the near surface region where no d[N;] .
silver-related defectéboth in n- and p-type samplescould gt AmD(ri-aNi—1]-ri[NDIH],  1=1.23..,
be detected, implying that all silver atoms are involved in (1

electrically inactive complexes.

All levels of silver-hydrogen complexes disappeared fromwhere[N;] is the concentration of the complexes containing
the DLTS spectra after heat treatment at 400 °C indicating hydrogen atoms;; the radius of hydrogen capture to tNe
that the electrically active silver-hydrogen complexes are uneomplex, andH] andD the concentration and the diffusivity
stable at 400°C. The isolated silver distribution remaineddf atomic hydrogen, respectively. These equations imply that
similar to that after 300 °C annealing. all the complexes are thermally stable, i.e., a hydrogen atom
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once captured remains attached to the complex. This as-
sumption is in agreement with the data of our annealing ex- 25 S”gi
periments(Sec. Il D). < ' :g
It is clear from Eg.(1) that the rate of hydrogenation L 2.0 H3
depends on the hydrogen concentration, which varies with 2
depth. For comparison of the results at different depth we 545
rewrite Eq.(1) as g
=
g 1.
dNo g
dp — "olNol _ ©os
d[N;] , 1=1,23... (2
a4 Fi-iNi—a]=rilNi]

W|th (o] (1 08 Cm-1)

FIG. 9. Kinetics of the defect transformation atype silver-
b= ft4wD[H]dt 3) doped sample dur.ing reverse-pias annealing at 380 K. The dalue
0 was calculated using theV profiles of the active boron concentra-
tion (see text
as a local(dependent on hydrogen concentratiamnealing
time. The solution of Eq(2) is straightforward and the prob-  |n our analysis we use the hydrogen concentration, which
lem is reduced to the calculation of tdevalue. is derived from the well-known boron-hydrogen interaction.
The distribution of hydrogen ip-type samples can be with this hydrogen concentration we are able to fit the ex-
monitored through the passivation of boron. At any momentperimentally measured formation kinetics of the silver-
most of the hydrogen is trapped by bordrand only a small  related defects. This quantitative description of the kinetics is
part is mobile and can interact with other defects. Undekstrong support of our model of tHg2 andH3 centers, as
these conditions the concentration of mobile hydrogen cameing the silver-hydrogen complexes containing one and two

be found as hydrogen atoms.
For longer annealing times at 380 K the sum concentra-
[H]= vy Bo—[B] @) tion of all silver-related deep-level centers decred#i@s is
47Drgy [B]

seen also as dip on the dashed curve in Fig)\]7It implies

that during further hydrogenation the silver atoms are trans-
wherevgy, andr gy are the dissociation rate of B-H, pairs and formed into electrically inactive complexésg-H, , X=3).

the radius of hydrogen capture to boron, respectiidy,is The curves in Fig. 9 are calculated using the values of 0.6,
the concentration of electrically active boron, aBglis the 0.4, and 0.5 nm fory, r,, andr,, respectively. However,
initial boron doping. It was found in Ref. 21 thaty  due to the scatter of the data points the values of the radii
=4 nm andvgy=3X10">s " at 380 K. It is important that  cannot be precisely derived. Values around 0.5 nm are in
substitution of Eq.(4) into Eq. (3) removes the unknown agreement with a short-range defect-hydrogen interaction

diffusivity D from the equations, a_nd the absolute valueof that is expected for neutréih the space-charge regipsilver
can be calculated from the experimental data. atoms and silver-hydrogen complexes.

Chemically etched p-type samples with evaporated
Schottky contacts were subjected to isothermal anneals at
380 K for 10 min to several hours with constant reverse-bias
applied. Depth profiles similar to those shown in Fig&)7 In this section an analysis of the depth profiles in chemi-
and 7c) were determined. The€V profiles of the electrically cally etched samples is given, which will clarify the hydro-
active boron were then used to calculdtén the depth range gen passivation of the Ag and Agcenter, and gives infor-
from 4 to 13 um after each annealing stdji is supposed mation about the diffusion parameters of hydrogen. The
that [B] needed for calculation of integral E() was lin-  distinctive feature of hydrogenation during chemical etching
early dependent on the time between the measureientds the steady rate of material removal. After a certain etching
These calculated values df define thex values in Fig. 9. time a stationary distribution of the defects near the etched
The concentrations of the Ag, H2, andH3 centers are surface is achievetf. The initial concentration of a defect
determined by the usual DLTS profiling. The curves in Fig. 9which is uniformly distributed over the crystal I¥,. The
were calculated from Eq(2) for the initial (nonhydroge- part A=[N]/Ny of the defects which remains nonhydroge-
nated defect N, and the complexes containing 1 and 2 hy-nated during chemical etching is determined by the equation
drogen atoms. The radiiy, r1, andr, in Eg. (2) are con-
sidered as free parameters to give the best fit to the points. A

The calculated curves reflect in detail the properties of the V&_‘WDr[H]A:O' ®)
experimental data, such as the monotonic decay of the iso-
lated silver concentration, the decrease oftt#ecenter con- where[H] and D are the concentration and diffusivity of
centration at longer annealing time, and the slower appeaatomic hydrogen, respectively the radius of hydrogen cap-
ance of theH3 defect in comparison to thel2 defect at ture to the defect, antl the etching rate. Note thatis the
shorter annealing times. distance from the surface which is moving during etching. It

B. Depth profiles in n-type chemically etched samples
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A defecté® and gold* passivation. This strongly argues that
r s E5 does not depend on the etching rate in the range studied, and
— » the value of 1-2.5um is the true diffusion length ~ D~
Z0r Ag of atomic hydrogen before its capture by the trap from which
> E3 it is not released at room temperature.
zr The determination of allows us to estimate the hydrogen
\‘Cl L=1.7 um diffusivity at room temperature. Solving Ef) with respect
- -2F to D, and substituting the known values ®f and L, we
R obtainD=5x10"°cn?s L. This value ofD is more than
-3 two orders of magnitude higher than the one extrapolated
L from high-temperature measuremefit$iowever, the diffu-
0 2 4 6 8 10 sivity of hydrogen determined from our experiments could

Depth (um) be different from the diffusivity determined under thermal
FIG. 10. Depth profiles of the deep-level defects in thype equilibrium. Chemical reactions on the surface and also light

(I chemically etched crystal. Solid lines represent the solution ofshining onto the sample during etching are possible sources

Eq. (8). For theE3 andE5 defects the differenchl,—[N] was  foF nonequilibrium conditions. .
used instead ofN] on they axis. The only parameter, which accounts for the particular

trapping center in Eq(8) is the radiusr for the hydrogen

was shown ear”efseel e.g., Ref. aahat a quasistationary Capture. The shift of the two lines in F|g 10 indicates that

distribution of mobile hydrogen atonisi] during etching is  the radius of the hydrogen capture to the*Agenter is ap-
given by proximately 1.8 times larger than that to the silver acceptor.

The absolute values fordepend orHq, which is not known
[H]=Hgexp(—x/L). (6) from experiment. However cannot exceed-1 nm because
the hydrogen diffusion length determined by the capture to
; the silver atom cannot be smaller than the experimentally
hydrogen and the etching rate measured.. If one accepts the value of=0.3—0.5 nm(this
1 v \2|12 value was derived for hydrogen pairing with silver in Sec.
0.t (ﬁ) NETY (7) VA, and with the vacancy-oxygen complex in Ref.)28nd
takes into account the estimated valueDofrom above, we
and 7 is the lifetime of mobile hydrogen atoms before cap-find Hy<10"®cm 3,
ture. Substitution of Eq6) into Eq.(5) gives the solution in The concentrations of the hydrogen-related and E5
the form centers are also shown in Fig. 10. Note thaivas replaced
B —— by Ng— N for they axis in this case. The data follow at larger
A=exp(—4mrDHoLV "e ™). ®  depth the profiles for Ag and Ag verifying again that
Note that the simple exponential distributi¢6) can be used Ag/E3 and Ag'/ES are closely related defects. Nearer to the
only in n-type crystals, where seems to be not influenced surface, the points for thE3 andES5 centers reveal a de-
by hydrogen penetration. Iptype siliconr is initially very ~ crease down due to the formation of complexes containing
small, and determined by the capture to boron. During hy/more hydrogen atoms. The calculated profile of Bt cen-
drogenation most of boron is transformed to the boron{ers is shown in Fig. 10 by the dotted curve, where the radius
hydrogen pairs, and the lifetime of mobile hydrogen in-of the hydrogen capture to tHg5 center is chosen to give a
creases significantly. good fit to theE5 profile maximum. In the range from 2.5 to
The depth profiles of the Ag° and Ad levels have been 4.5 um, the experimentally determined concentratiorEaf
measured in the sametype (Il) sample, and are plotted in exceeds the calculated one. In Sec. IV C we will show that
Fig. 10. The scales in this figure are chosen so that anghis behavior can be explained by another Ag-H defect,
solution of Eq.(8) is presented by a straight line. It is seen Which was up to now not accounted for.
that the Ag’® and Ag® concentrations follow this depen-
dence very well in the whole region where they can be mea-
sured. This is a strong experimental evidence to justify the
use of Eq.(6). Another important point in Fig. 10 is the The substitutional impurities, silver and gold in silicon,
identical characteristic length (the same slope in the figyre both reveal amphoteric behavior. The energy levels in the
for the Ag’° and Ad' centers. This behavior confirms that hydrogenated gold-doped silicbii nicely resemble the lev-
the passivation of the centers results from the same ager#ls for the Ag-H complexegFig. 11). Note that not only is
i.e., hydrogen. In accordance with the above theoretical corthe number of levels the same, but the level positions of the
sideration L is the characteristic length of the atomic hydro- different TM-H complexes are very similar. Such a behavior
gen distribution. Its value is 1.zm in the example of Fig. for the hydrogen complexes is astonishing, but is a conse-
10, but can vary in the range of 1.5—-2u®n which can be quence of the intuitive vacancy model for substitutional tran-
attributed to small differences in the temperature of the etchsition metals which was proposed by Watk#isThe agree-
ing solution and to variations of the number of hydrogenment between the Ag and Au-related levels gives confidence
traps in different samples. Note that in spite of5 times  in our interpretation of the results both on silver and gold.
difference in the etching rates used, practically the same valFor example, th&2/E3 andG4/G1 pairs are both attributed
ues of L were found in the measurements of radiationto the first and second acceptor levels of the complexes con-

HerelL is determined by the diffusion length of the atomic

1

L

C. Comparison with gold-doped crystals
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Very recently,ab initio calculations of the structure and
level positions of several TM-H complexé¥M=Ag, Au,
Pd, Pj have been performed:?® These calculations confirm

Ags Ag-H AgH> AuH; Au-H  Aug

E—

E3 31_ the similarities in the energy level structure of isoelectronic
E6 G5 g4 o complexes, and give also good quantitative agreement with
AgP e e Au the experimental values. Three energy levels were calculated
— B2 — for the Au-H, and Ag-H, complexes. Other calculated levels
—_— T _ can be associated with t@3/G5 andH3/E6 levels in Au-
Ag —" Hs3 G3 * .'Gz. "Aum and Ag-doped samples. The calculations predict, for the

H2 ’ Ag-H; and Au-H; complexes, a single acceptor level close to
the conduction band. Our experiments give no evidence for
any electrical activity of the TM-K defects. An acceptor
FIG. 11. Schematic diagram of the energy levels ascribed to thgaye| with binding energy larger than 100 meV should be
different silver-hydroger(present papgrand gold-hydrogen com-  easily detectable in our experiments. The general agreement,
plexes(Refs. 1-3. however, between the calculated and the experimental levels
of the various Ag-H and Au-H complexes strongly supports
taining one hydrogen atom in silver- and gold-doped crysUr identification of the levels and the number of hydrogen

tals, respectively. The double-acceptor nature oftBdevel ~ 2t0MS involved in the complexes.
is experimentally supported by the small, temperature-

dependent capture cross section. In the Au case, the capture
of the second electron to th®1 level was detectetl An-

D. Comparison with irradiated silver-doped crystals

Recently, the effect of-particle irradiation on the deep-

other example, th&4 level of the gold-hydrogen complex, level spectrum of silver-doped silicon was reportéd Two
results from these publications are relevant to our study.

is practically coincident with the gold acceptor level and g o “the 4 particle irradiation ofp-type samples generated
only recently th%}WO levels were resolved by high resolutionyy, geep-level defects, the parameters of the levels and the
(Laplace DLTS. kinetics of their mutual transformations are very similar to
The comparison of the complexes with more hydrogenthose of theH2 andH3 levels found in the present work. It
atoms leads to the following correlation and assignmentsis suggestive to assume that these are the same defects. The
The G3 level was found to arise in gold-doped silicon as aauthors tried to ascribe their levels to interstitial carbon and
result of hydrogenation. However, its formation and thecarbon-related complexes. However, we have not found any
number of hydrogen atoms involved in the complex are noindications of G (or any other defects with similar level
understood. Based on the resemblance wittHBdevel, the  creation during chemical etching of silver-free samples. On
G3 level appears to belong to the Au-Hefect. Some pecu- the other hand, the possibility of hydrogen penetration into
liarities in the annealing kinetics and the small concentratiorsilicon during ion irradiation is well know?. _
compared to the Ag-klcomplex are related to the lower The second result from Ref. 30 is that the silver donor and

thermal stability of the Au-kicomplex. The interesting ques- 2CCeptor levels result from different defects. This conclusion
tion remains about other energy levels of the TM-¢dm- is based on the different concentration of these defects mea-
plex. We have already noted the surprising difference in théured by the DLTS on the linearly gradgxin junctions.
concentration of th&€2 andE3 levels in the near surface However, itis very important that the DLTS signals from the
region (Fig. 3. The comparison with gold-doped samples electron and hole traps originate in this case from the layers
gives further confidence in our identification of the two lev- located at different depths. If we assume that hydrogen pen-
els belonging to the same Agsitenter. Therefore, the dif- ©€trates into thep-n junction and passivates the silver donor
ference in concentration should be ascribed to another defe@fd acceptor leveldhere are some indications for this in the

with its level located near the silver acceptg6 in Fig. 1.  discussed work it is clear that the hydrogen concentration
The depth distribution of this defe¢tlerived as the differ- and therefore the silver donor and acceptor concentration can

ence between thE2 andE3 profiles in Fig. 3 is in agree- Vary in different layers.
ment with the assumption that the _complex contains more V. SUMMARY
than one hydrogen atom. At a similar energy position an-
other defect leve{G5 in Fig. 11 was detected in the hydro-  The effect of hydrogenation during chemical etching and
genated gold doped silicon and attributed to a gold-hydrogegubsequent annealing on the energy-level spectrum of silver-
complex with more hydrogen atoms than Bé& defect® doped silicon crystals was investigated by the DLTS tech-
In spite of the great similarities in the position of their nique. It was found im-type crystals that all silver-related
energy levels, a pronounced remarkable difference should bdeep levels located in the hydrogen-rich near-surface region
noted in the thermal stability of the silver-nydrogen andare passivated already during the etching at room tempera-
gold-hydrogen complexes, and their depth profiles after anture. Due to strong boron-hydrogen interaction grtype
nealing. TheG1 defect is distributed almost uniformly over crystals, the same process of silver-hydrogen interaction is
the region of several micrometers adjacent to the etched sumuch slower and takes hours at 380 K. A set of deep levels
face after annealing at 150—200 *Ghe distribution of the  were observed to appear at the intermediate stages of passi-
Ag-H complexes is always more confined to the near-surfacgation. Based on the quantitative analysis of the depth pro-
layer. However, the Ag-H complexes are more stable andiles of these levels after etching and annealing, it was estab-
disappear only after 400—-500 °C annealing vs 250—-300 °@ished that two electrically active silver-hydrogen complexes
for the Au-H defects. are formed. One of these complexes contains one hydrogen
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