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The influence of hydrogen on the dislocation electron-hole states produced following low-temperature (700'C) 
plastic deformation of n -  and p-type silicon single crystals is investigated by the deep level transient 
spectroscopy (DLTS) technique. It is shown that hydrogenation leads to a sharp decrease of the number of all 
donor and acceptor dislocation states in the forbidden band deeper than -0.16 eV. Data on the restoration of 
the intensities of the various DLTS peaks upon dehydrogenation of the samples by annealing or successive 
etching-off the hydrogenated layer can be attributed either to the unequal values of the "hydrogen complex" 
bond for different centers, or to the different efficiencies of the available channels for the diffusion of 
hydrogen in the deformed crystal. 

PACS numbers: 66.30.Jt, 62.20.Fe, 61.70.Jc, 71.55.D~ 

INTRODUCTION 

It can now be regarded a s  firmly established that in- 
troduction of dislocations into semiconductor crystals ,  
say by plastic deformation, produces in the forbidden 
band a number of donor and acceptor states,  a t  least  
some which a r e  due to dislocation broken bonds. An 
investigation of plastically deformed silicon by the EPR 
method shows that the paramagnetic centers  produced 
a t  deformation temperatures T S 700 "C (D centers)  can 
be associated with dislocation broken bonds that form 
one-dimensional chains. The observed anomalous tem- 
perature dependences of the magnetic susceptibility and 
of the relaxation t imes for  these centers'  can be ex- 
plained by assuming the presence of collective effects in 
such a system. 

It would be useful in this connection to find a method 
that makes i t  possible to saturate some of the broken 
bonds, and thus separate the collective effects due to  
the interaction of neighboring broken bonds from the 
properties of the individual broken bonds. Such inves- 
tigations a r e  a l so  of applied interest ,  since neutrali- 
zation of dislocation deep levels would make i t  possible 
to increase the lifetime of the minority c a r r i e r s  in de- 
fected silicon crystal ,  which i s  important, for  example, 
for  the development of inexpensive so lar  cells. 

One such method can be saturation of the samples 
with hydrogen. In fact, numerous investigations of 
amorphous silicon show that saturation of a-Si films 
with hydrogen (e. g. ,  in an RF discharge) leads to a 
substantial decrease of the density of the broken val- 
ence bonds, apparently on account of formation of Si-H 
bonds (see.  e .  g. , Ref. 2 and the bibliography therein). 
Benton et al. observed vanishing of the electr ic  activity 
of the point defects produced in crystalline silicon ex- 
posed to laser  radiation, and Pohoryles observed re-  
cently4 thevanishing of the electr ic  activity of certain deep 
acceptor levels upon high-temperature (800°C) plastic 
deformation of silicon single crystals. 

ceptor centers. The saturation with hydrogen was via 
implantation of protons of energy up to 100 keV in the 
samples. It is shown in the same reference that satu- 
ration with hydrogen decreases  greatly the intensity of 
the luminescence due to the centers  produced by plastic 
deformation. A new luminescence band is then pro- 
duced and is associated with the hydrogen-containing 
centers .  In the present study we investigate by the 
method of deep-level transient spectroscopy (DLTS) 
the influence of hydrogenation on theelectric activity of 
a l l  the donor and acceptor centers  produced upon low- 
temperature (T = 700 "C) plastic deformation. 

SAMPLES AND EXPERIMENTAL PROCEDURE 

We used single-crystal silicon samples grown by 
crucibleless zone melting in vacuum, and doped with 
phosphorus (1. 5 X 1016 and boron (2 x 101\m'3). 
The samples were  deformed by compression along (110) 
a t  700 "C in an argon atmosphere. The degree of defor- 
mation was 2%, corresponding to a dislocation density 
(1-3)x lo9 cm2. Such samples produce a strong EPR 
signal from the D centers  associated with the open val- 
ence bonds in the dislocation cores.  The D-center den- 
sity was (2-4)x lo1@ ~ m - ~ .  Annealing the samples a t  
temperatures higher than 700 O C  causes the D centers  to 
vanish. @ Plates measuring 3 X 4 X 0 .5  mm were  cut 
from the center  of the sample and were  polished f i r s t  
mechanically and then by chemically in a mixture 
lHF:7HN03. The samples were hydrogenated in a 
quartz tube through which hydrogen was blown a t  a 
pressure  up to  5 Torr .  The hydrogen was atomized in 
a high-frequency discharge by an inductor placed on the 
tube and matched to a generator operating a t  110 MHz. 
The volume of the produced plasma was of the order of 
10-15 cm3. The freshly etched samples were placed in 
the discharge region in a silicon vessel  and kept for  1 h 
a t  350 "C, after  which the temperature was lowered for  
30 min to 100°C and the samples were  taken out of the 
reactor .  The temperature was regulated by varying the 

It was shown in Ref. 5 that saturation of plastically high-frequency power absorbed by the discharge, usu- 
deformed n-silicon with hydrogen shifts greatly the ally 40-70 W. After the samples were hydrogenated, 
Fermi  level towards the conduction band, an effect that a layer of thickness from 1 to 30 gm was etched off 
can be attributed to a decrease in the density of the ac-  from a l l  s ides of the samples in lHF:7HN03. The layer 
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FIG. 1. Block diagram of DLTS spectrometer, 1) Sample, 
2) thermocouple, 3) heater (all three are placed in a cryostat 
77-350 K). PP) 0-20 V power pack. GI) high-frequency (1 .5  
MHz) generator (G-4-102). The dashed box encloses a ca- 
pacitance bridge. PI) Phase inverter. AT) attenuator , Ub) 
bias-voltage sourve for sample (0-9 V) , Ampl) amplifier (1.5 
MHz), D) detector (1 .5  MHz) with switch that closes during the 
time of the refilling pulse; LIA) lock-in amplifier; PG,, PG2) 
pulse generators (G5-50) to control the switch and the refilling 
pulses; AG) acoustic generator. 

thickness was determined from the etching time deter- 
mined from the previously measured etching rate. The 
samples were then washed in HF, distilled water, and 
alcohol, and Schottky barr iers  of 1.5 mm diameter 
were then sputtered on them in vacuum. The Schottky 
contacts were gold and silver for n- and p-type sam- 
ples, respectively. An ohmic contact (GaA1 o r  In) was 
on the opposite side of the sample. The obtained 
Schottky diodes were used for the DLTS measurements. 

The setup used for the DLTS measurements was simi- 
lar  to that described in Ref. 7 (see Fig. 1). The ca- 
pacitance of the Schottky diode was measured with a 
bridge a t  an operating frequency 1.5 MHz. The DLTS 
spectrum was obtained by measuring the time depen- 
dence of the Schottky-diode capacitance a t  a reverse 
bias voltage Ub on the diode following application of a 
carr ier  pulse of duration t,, and amplitude Up. During 
the time of the carr ier  pulse the reverse bias on the 
sample decreases from Ub to Ub - U, and the deep cen- 
t e r s  that lie lower than the Fermi level capture elec- 
trons (in the n-type) o r  holes (in the #-type). After the 
termination of the pulse, the electrons trapped by the 
centers and located in the depleted layer above the Fer-  
mi quasilevel a r e  activated into the conduction band and 
leave the depleted layer, whose thickness is thus de- 
creased. As a result, the diode capacitance increases 
exponentially (in first-order approximation) with a time 
constant 7,. Here 7;' =oT2 exp(-A E / k T ) ,  where u is 
the cross section for center capture and A E  is the acti- 
vation energy for the thermal ionization of the centers. 
If a signal proportional to the diode capacitance is ap- 
plied to a lock-in amplifier, the temperature depen- 
dence of the output signal 

has a maximum, since 7, depends exponentially on the 
reciprocal temperature. In the presence of several 
types of centers, several maxima will be 0bserved.7.~ 
From the position T,, of the maximum we can deter- 
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FIG. 2. DLTS spectra of n-type sample (Ub= U,=3 V, tp=40 
Irsec, 7*=4 msec): A) sample No. 1 (1. 5 x  1016 P atoms/cm3, 
e= 2%) ; B) No. 1 ,  H ,  1 pm (hydrogenated sample No. 1, a 
I-pm layer was removed after hydrogenation); C) No. 1 ,  H ,  
7 pm:  D) No. 1 ,  H, 7 pm, annealed 30 min at 500" C .  The 
dashed curve shows the spectrum obtained in Ref. 10. 

mine re= 0.425/F a t  T = T,,, where F is the repeti- 
tion frequency of the refilling pulses and of the lock-in- 
amplifier reference signal. The height A c  of the max- 
imum is proportional to the density of the deep centers 
in question (more accurately, to the density of the car- 
r i e r s  captured by them in equilibrium). The relation 
between Ac and the density can be found, e. g . ,  in Ref. 
9. 

When F changes, the positions of the maxima change 
with temperature and it is possible to obtain T,(T) for 
all center plots from which it is easier to calculate 
AE. We have assumed that the center ionization energy 
AE determined in this manner is equal, accurate to 
about 0.05 eV, to the depth of the energy level relative 
to the bottom of the conduction band (in n-type sam- 
ples) or  the top of the valence bztnd (in p-type samples). 
Numerous experimental studies of the application of the 
DLTS method to investigations of point defects show that 
this assumption is sufficiently well founded. 

RESULTS OF EXPERIMENTS 

Figures 2 and 3 show typical DLTS spectra A of de- 
formed samples of n and p type, respectively. All the 
characteristic peaks of spectra A in Figs. 2 and 3 coin- 
cide with those in samples with disloca- 
tions. The numbering of the peaks corresponds to the 
energy scheme proposed for the dislocation states in 
Ref. 10. As follows from Refs. 10 and 11, in theA 

I 
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FIG. 3. Spectra of p-type sample: A) Sample No. 12 (2 x 10'' 
B atoms/cm3.&=2%); B) No. 12, H, 4 pm; C) No. 12. annealed 
30 min at 780°C. 

1190 Sov. Phys. JETP 55(6), June 1982 Zolotukhin etal. 1190 



spectra, the peak near 270 K (Fig. 2) o r  250 K (Fig. 3) 
consists of two strongly overlapping peaks correspond- 
ing to states 2 and 4. The position of the maximum of 
this peak differs in different samples, since i t  depends 
on the ratio of the intensities of peaks 2 and 4. 

We note that the DLTS spectra carry  information on 
the density of the centers in a surface layer whose 
thickness is of the order of the depleted layer of the 
Schottky barrier,  0 . 3  pm in our case. The surface 
states can in this case be readily distinguished from the 
volume states by plotting the amplitudes of the spectra 
against the amplitude of the refilling-pulse amplitude 
Up. Actually, a t  U, < Ub the depth of the depleted layer 
decreases during the charging-pulse time, and some of 
the volume states, which turn out to be lower than the 
equilibrium Fermi level (in n-type samples), capture 
electrons. Near the surface, however, the bending of 
the bands, a s  before, is large enough, s o  that all the 
deep states lie higher than the equilibrium Fermi level, 
and a r e  not subject to charge exchange. If the centers 
a r e  uniformly distributed over the volume, the ampli- 
tude of the corresponding DLTS peak, which is propor- 
tional to the number of charge-exchanging centers, in- 
creases monotonically (almost linearly) with increasing 
Up. The surface states, however, begin to exchange 
charge and produce a DLTS signal only if  Up 2 Ub. Fig- 
ure  4 shows by way of example plots of this type for the 
volume states 2 + 4 in the absence and presence of sur- 
face states. The peak of the surface states is super- 
imposed on the 2 + 4 peak. At a certain surface finish 
and surface preparation of the samples prior to the de- 
position of the Schottky barriers,  the density of the 
surface states did not exceed (1-2)x109 ~ m ' ~  and they 
did not affect our measurements. 

An investigation of the kinetics of the charging of 
states 1-7 during the time of the refilling pulse, i. e. , 
of the dependences of the DLTS-peak amplitude on t,, 
shows (see also Ref. 10) that in nonhydrogenated sam- 
ples the number of carr iers  captured by these centers 
is limited not by the number of the centers, but by the 
Coulomb interaction of the captured carriers,  a s  fol- 
lows from the logarithmic dependence of the number of 
captured carr iers  on t,. It follows therefore that cen- 
ters  1-7 a r e  unevenly distributed in the crystal volume. 
This is discussed in greater detail in Ref. 10. 

After hydrogenation of the samples, the amplitudes of 
all  the peaks in the DLTS spectra decrease steeply (see 
spectra B in Figs. 2 and 3). Figure 5 shows the scheme 

FIG. 4. Amplitudes of peaks of the states (2+4) vs. Up in the 
presence (0) and absence (A) of surface states. Ub = 3 V. tp 
=40 psec. r,=4 Msec. A) No. 1 : 0) No. 3. H.  7 pm. 

FIG. 5. Schematic representation of the energy spectrum of 
the dislocation states in samples No. 1 bt-type) and No. 12 
(p-type). The states in thep-type sample a r e  shaded (E, and 
E, a r e  the energy levels corresponding to the top of the valence 
band and to the bottom of the conduction band, respectively). 

of the energy levels produced in the samples after 
plastic deformation, while Table I shows the densities 
of the electrons and holes captured by these levels, a s  
calculated from the amplitudes of the DLTS peaks using 
the equations of Ref. 9. As seen from the table, hydro- 
genation of the samples lowers very greatly (by dozens 
of times) the number of a l l  the dislocation states ob- 
served by the DLTS method in a subsurface layer up to 
7-10 pm deep. An investigation of the charging ki- 
netics of the centers shows that the amplitude of the 
peaks is limited now not by the Coulomb interaction of 
the trapped carr iers ,  but by the number of centers. 
With this fact taken into account, it follows from the 
table that the density of al l  the dislocation states in 
hydrogenated samples, a t  a depth 1.5-2 pm does not 
exceed 5 X lot3 cm", whereas the initial D-center den- 
sity, obtained from EPR data, was not lower than 1016 
~ m - ~ .  We note that treatment of the samples in 
hydrogen-free (air)  discharge under conditions does not 
al ter  the spectra noticeably. 

In hydrogenated samples, the energy positions of the 
DLTS peaks correspond in first-order approximation to 
the energy scheme for nonhydrogenated samples (Fig. 
5). A tendency can be noted, however, towards a de- 

TABLE I. Number of captured electrons (n-type) o r  holes 
(p -type), 1014 

Note. Sample No. 1) n-type, 1 . 5 ~ 1 0 "  P a t . ,  ~ = 2 % ;  
No. 12) p-type, 2x10'' B a t . ,  ~ , = 2 ' % ;  No. 3)n-type, 
4 x 10j6 P at. , E =  2%. annealed 30 min. at  780 "C. The 
letter H means that the sample was hydrogenated, and the 
number indicates the thickness of the removed hydrogenated 
layer. 

Level No. 

Energy, re1 toE,,eV 
N 1 
N 12 
N* I, H, 1.5 #m 
N2 12. H, 1 5 run 
N 1. H. I #m 
A': 12 H, 4 r m  
Rc 1, H. 7 w, annealed 

30 mm at 500°C 
A'g 12. H. 7 run. aimsled 

30 min at 500DC 
M 3 
8: 3, H, 7 r m  
.I! 3, H, 11 #rn 
A5 3, H. 21 r m  
N 12, annealed 30 min 

at 780°C 
N 12, annulcd 30 min 
at 7RO°C H. 4 Pm 

12, annealed 30 min 
at 780°C H, 11 rm 
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crease of the effective cross sections a for center 
capture with increasing degree of hydrogenation (see 
Figs. 2 and 3). As follows from the same figures, one 
can clearly observe in hydrogenated samples the new 
peaks 3' and 8, which are  difficult to distinguish in 
nonhydrogenated samples. Their amplitudes, just a s  
those of the other peaks, increase with increasing 
depth o r  with decreasing degree of hydrogenation. An 
analysis of the available data does not allow us  to state 
that these centers a r e  produced by the hydrogenation 
process. 

Since the relation between the intensities of different 
spectrum peaks varies with depth in the hydrogenated 
samples, i t  can be though that the states 3, 3' and 8 a re  
hydrogenated a t  a smaller depth, and 2 + 4 and 1 at  the 
largest depth. It is probably this which made i t  possi- 
ble to observe distinctly the states 8 and 3', whose den- 
sity is low and which a r e  maked by other peaks in non- 
hydrogenated samples. At present i t  is not finally 
clear whether this is due to the specifics of the diffu- 
sion of the hydrogen along the dislocations o r  to the 
difference between the binding energies of hydrogen 
atoms with various types of centers. 

Thus, hydrogenation does not produce, in any signifi- 
cant concentrations, any new centers, a t  least in the 
range from E,-0.16 eV to E, + 0.16 eV, which is "sur- 
veyed" by the DLTS spectrometer. 

As follows from Fig. 2 and Table I, annealing of hy- 
drogenated samples for 30 min a t  500 "C does not re-  
store significantly the intensities of practically any of 
the peaks. We have here again a manifestation of the 
logarithmic dependence of the peak amplitudes on the 
duration of the refilling pulses, thus pointing to a 
Coulomb limit on the occupation numbers of centers 
1-7. Annealing for 1 h r  a t  500 "C does not change sig- 
nificantly the initial spectrum of the deformed sample. 

We note that since the observed DLTS peaks a r e  sub- 
stantially broadened compared with the instrumental 
function, the density data listed in Table I may be 
somewhat underestimated. However, the absolute 
e r r o r  does not exceed 100-150%, with the possible ex- 
ception of states 7, where the "peak" is very broad. 

DISCUSSION OF RESULTS 

In our preceding" DLTS investigation of plastically 
deformed silicon we discussed the specifics of DLTS 
measurements in the case of dislocation states, and al- 
s o  discussed on the basis of a comparison of the results 
with Hall-effect, EPR, and photo-EPR data, the possible 
nature of the states 1-7 (see Table I and Fig. 5). This 
comparative analysis led u s  to the assumption that the 
states 1 a r e  broken dislocation bonds (unpaired valence 
electrons), which produce the observed EPR signal, 
and the states 2 correspond to additional electrons cap- 
tured by these broken bonds. States 3 a r e  certain ac- 
ceptor states that ar ise  near the dislocation cores o r  in 
the dislocation cores during the course of the plastic 
deformation. Upon annealing of the plastically deformed 
samples a t  T > 700 "C the dislocation EPR signal 
vanishes, a fact that correlates with the vanishing of 

the states 1 ,  l', and 2. l 0 s 6  It can be assumed that this 
is the result of reconstruction of the dislocation cores, 
which leads to pairwise closing of the broken bonds. 6s12 

One can therefore not exclude the possibility that the 
states 5 correspond to one of the types of the recon- 
structed dislocations, since the states 5 a r e  not anni- 
hilated by this annealing. lo 

As mentioned above, according to the EPR data the 
number of broken bonds in samples deformed in analogy 
with samples 1 and 12, is of the order (2-4)x1016 ~ m - ~ ,  
i. e. ,  larger by an order of magnitude than the number 
ca r r i e r s  captured by them (see Table I). This agrees 
with the fact that ca r r i e r  capture is limited by the Cou- 
lomb interaction of the ca r r i e r s  with one another, and 
corresponds to the dislocation model. Indeed, estimates 
of the mutual Coulomb interaction of additional electron 
o r  holes captured by dislocation cores  show that the ra-  
tio of their number to the number of atoms of the dislo- 
cation cores that can have broken bonds cannot exceed 
10-20%. Therefore a decrease by even a factor of two 
in the DLTS peaks 1 and 2 that correspond to disloca- 
tion broken bonds, accompanied by the vanishing of the 
logarithmic dependence of the peak amplitudes on t,, 
means in fact that the number of dislocation broken 
bonds having electric activity was decreased by at least 
90%, i. e . ,  by a factor of 10. 

As already indicated above, the states 5 can be con- 
nected with reconstructed dislocations, i. e . ,  disloca- 
tions whose cores a r e  restructed in such a way that the 
broken bonds a r e  pairwise joined. It can then be stated 
(see Fig. 2)  that hydrogenation is effective both with 
respect to states connected with free dislocation broken 
bonds, and with respect to  states connected with recon- 
structed dislocations. This follows also from experi- 
ments on annealed samples (see Table I) in which there 
is no EPR signal (see also Ref. 4). 

Thus, if the reconstructed dislocation bonds corre- 
spond to definite (deep) states in the forbidden band, 
the following question arises:  Which mechanism of hy- 
drogen interaction with such dislocation leads to loss of 
their electric activity? It can be assumed that during the 
f i rs t  hydrogenation state a "weak" Si-Si dislocation 
bond is broken in accord with reaction 

i. e . ,  besides the Si-H bonds, broken bonds appear on 
the dislocations. At a certain (low) hydrogen concen- 
tration, the DLTS spectra of the annealed samples in 
which there is no dislocation EPR signal should then 
acquire peaks of states 1 and 2, corresponding to the 
dislocation broken bonds. Our attempts to observe in 
the experiments on dehydrogenation certain peaks cor- 
responding to  hydrogenation in DLTS spectra of sam- 
ples a ~ e a l e d  a t  800 "C were, however, unsuccessful. 
It appears that no broken bonds appear upon hydrogena- 
tion. 

On the other hand, the assumption that the reaction 

takes place immediately is hardly justified. Indeed, 
since this is reaction of second order in H, hydrogena- 
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tion of the reconstructed bonds (of state 5) should pro- 
ceed a t  a much slower rate compared with the broken 
bonds (states 1 and 2), but this is not observed. 

A possible mechanism of interaction between hydro- 
gen and the reconstructed dislocations i s  the formation 
of Si-H-Si bonds on the dislocations. A theoretical 
analysis of such a complex is contained in Ref. 13, 
where it is proposed that i t  plays an important role in 
the formation of the electronic properties of hydrogena- 
ted amorphous silicon. Favoring the existence of hy- 
drogen bound in this manner in a-Si:H a r e  also the re- 
sults of Ref. 14. 

In the case of amorphous silicon, however, a s  fol- 
lows from Ref. 13, there can exist in the forbidden bond 
both shallow and deep levels connected with Si-H-Si. 
From our DLTS experiments i t  follows that if the indi- 
cated mechanism does take place, the states connected 
with the Si-H-Si dislocation chains a r e  a t  any rate not 
deeper than 4.16 eV. 

It cannot be excluded that the reaction 

takes place subsequently and that the hydrogenation re- 
duces to formation of Si-H bonds on the dislocations, 
just as  in the case of the non-reconstructed dislocations. 
In this case the intermediate Si-H-Si complexes will 

likewise not lead apparently to deep levels, since they 
a re  not revealed by dehydrogenation experiments. 
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