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We investigate the relaxation of the electric conductivity of n-Ge after the passage of shock waves
generated by laser pulses. The initial concentration of the structure point defects and the probability of
electron capture by donor impurity center are determined. Two models are considered in the discussion of
the experimental results: narrowing of the forbidden band under uniaxial compression, and ionization of

Shockley-Read traps. Residual effects are also considered.

PACS numbers: 62.50. + p, 72.80.Cw, 72.20.Jv, 79.20.Ds

1. INTRODUCTION

Investigations of the influence of a shock wave (SW) on
the electrophysical properties of germanium and silicon

are of considerable interest to modern microelectronics.

The most convenient and easily controlled method of
producing SW in materials is to act on them by a laser
pulse. A laser can be used to generate SW of small am-
plitude without damaging the material.

The action of SW excited by ruby-laser radiation of
pulse duration 50 nsec and energy flux density 108-10°
‘W/cm? on the electric conductivity of germanium and
silicon whisker crystals is described in Ref. 1. At a
SW pressure in the front 1.2-4.8 kbar ((1.2-4.8) x 108
Pa), the resistance of n- and p-type silicon decreased
by a factor of 2; the corresponding decrease in german-
ium was by a factor of 2 for n-type and by more than an
order of magnitude for p-type. Similarly, the relaxa-
tion times of the excess conductivity in silicon of both
types were comparable in magnitude, whereas in n-Ge
the relaxation time was smaller by approximately one
order of magnitude than in n-Ge. Thus, from the sci-
entific point of view, particular interest attaches to a
detailed study of the electrophysical properties of ger-
manium.

We report here a detailed investigation of the influ-
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ence of SW on the conductivity of n-Ge, as well as of
the relaxation and residual effects. In addition, the fol-
lowing particular question was posed: are the observed
effects properties peculiar to whiskers?

2. EXPERIMENTAL PROCEDURE

The bombardment procedure is described in Ref. 1.
The laser pulse duration was 30 or 50 nsec, and the flux
density range from 1.8 to 4.4 x 108 W/cm?.

In contrast to Ref. 1, the samples were prepared by
the traditional procedure, in the form of parallelepi-
peds of area 1.2 X 3.6 mm and with variable thickness
from 0.25 to 1.4 mm. The material used was commer-
cial n-type germanium with resistivity 40 Q-cm. Elec-
tric contacts of tin with antimony admixture were de-
posited on the end faces and checked for linearity of the
current-voltage characteristic. The samples were
glued to a quartz substrate and a copper foil was
glued on their top surface to protect them from the di-
rect action of the laser radiation. An estimate of the
depth of SW formation, using the formulas of Refs. 2
and 3, has shown that in our experiments copper foil 55
pm thick was sufficient. The germanium single-crys-
tal samples were so oriented that the SW propagated in
the [111] direction, which was perpendicular to the di-
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rection of the current (0.3 mA). The change of the sam-
ple conductivity was registered with a memory oscil-
loscope S8-2 or with an S-1-15oscilloscope. The resid-
ual resistance of the sample was measured approxi-
mately 3 min after each shot with an R37-1 potentiome-
ter. Particular attention was paid to shielding the mea-
surement circuit against electromagnetic static.

Altogether, more than 60 samples were bombarded.
To study the residual effects, all the samples were re-
peatedly bombarded by the laser until they were dam-

" aged. Depending on the sample thickness and on the
laser pulse energy flux density, the samples withstood
from one to 100 shots. The shots were both single-
spike and multispike. The relaxation times were calcu-
lated by least squares and had a variance 4%.

The shock-wave amplitudes corresponding to the cho-
sen bombardment regimes were calculated by the for-
mulas proposed in Ref. 1. Estimates have shown that

the pressure in the SW front ranged from 2.7 to 7.3 kbar.

3. EXPERIMENTAL RESULTS

A sharp increase of the conductivity is observed ini-
tially (for about 1 usec) in all bombardment regimes.
The largest increase of the conductivity o is observed
for thin samples (up to 0.25 mm thick) and ranges from
90 to 170%. The increase is much smaller for thick
samples and does not exceed 25%. A typical oscillo-
gram for a single-spike shot is shown in Fig. 1.

The curve corresponding to the relaxation process in
single-spike laser operation was approximated on the
major part of the oscillogram by an exponential function
with a time constant 7,~ 10 usec.

Under multispike bombardment, the conductivity in-
crease was produced by each individual spike, and
managed to relax completely between the individual
spikes. Figure 2 shows a typical oscillogram of a
three-spike pulse.

Particular interest was attached to the results of a
multiple bombardment of the same sample, at both sin-
gle-spike and multispike laser operation. The results
have shown that the effects of multiple bombardment
manifest themselves significantly in thin samples,
while in thick samples they are qualitatively similar but
are strongly attenuated.

Forty shots applied to a thin sample revealed the fol-
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FIG. 1. Oscillogram of the change of the conductivity of n-Ge
after passage of a shock wave with maximum pressure ampli-
tude 3.8 kbar. The conductivity at maximum increased by
112%; the relaxation time 7y =8.3 pusec.
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FIG. 2. Oscillogram showing the action of multispike pulse on
the conductivity of -Ge. Upper trace—photocell signal, lower
—change of sample conductivity.

lowing: The relaxation time 7, changes slowly after
each shot from 10 to 4 usec, and this change is linear
(Fig. 3). The amplitude of Ac/o remains almost con-
stant.

Thin samples exhibited one peculiarity not observed
in thick ones. For about thirty shots, the picture de-
scribed above, that of brief growth and subsequent re-
laxation of the conductivity, repeated itself. In the sub-
sequent shots (i.e., shortly before disintegration of the
sample), however, the picture became more compli-
cated and took the form shown in Fig. 4. As seen from
this figure, following the increase, the excess-conduc-
tivity relaxation curve passes through zero after ap-
proximately 15 usec, and then Ao becomes negative,
reaches a minimum, and finally tends to zero with a re-
laxation time 7,=20 usec.

As already indicated, the residual resistance of the
sample was measured after each shot and it was estab-
lished that the resistance increases (see Fig. 3) with in-
creasing number of shots.

In the case of thick samples that withstood a much
larger dose of absorbed laser energy, the linear growth
of the residual resistivity R, similar to that of Fig.

3, is followed by a maximum of R, and by a subsequent
decrease—Fig. 5—after which the sample disintegrated.
The sample exhibited rectifying action in section BC,
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FIG. 3. Change of residual resistance R, (C) and of relaxation
time 7; (A) in repeated bombardment of #-Ge sample 1.36 mm
thick by laser pulses with energy flux density 6.5 x10"W/cm?.
The pressure in the SW in each shot is 2.1 kbar.
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FIG. 4. Typical oscillogram of the conductivity of samples
0.25 mm thick after passage of a shock wave. Pressure in
shock wave 3.5 kbar. Ordinate scale 1.67% per division.
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wherein the voltage drop across the sample changed by
three orders of magnitude when the current direction
was reversed. Depending on the sample thickness and
the bombardment conditions, the maximum increase of
R, fluctuates between 2.5 and 35%.

4. DISCUSSION OF RESULTS

In Fig. 1, the conductivity increases in a time of the
order of 1 usec. This agrees with the assumption that
the production of the additional carriers continues dur-
ing the entire time of passage of the shock wave through
the sample. A detailed analysis of the leading fronts of
the SW generated by laser pulses is given in Ref. 4 and
is confirmed by our experiments.

We discuss now the possible causes of the abrupt in-
crease of conductivity in the SW front. It was noted in
Ref. 1 that the increase of the conductivity of germani-
um and silicun under the influence of a laser pulse can-
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FIG. 5. Dependence of residual resistance of n-Ge on the total
absorbed laser energy. The resistance increases linearly in
section AB; section BC corresponds to overcompensation of
the sample with formation of a p—n junction; point C marks the
disintegration of the sample. Average energy flux density per
pulse 4.4 X10® W/cm?, average pressure 5.6 kbar.
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not be attributed to either heating of the sample in the
interaction region or to the stain effect. Metallization
by impact is also impossible, since this called for a
pressure!s ) of 120 kbar for silicon and 143 kbar for
germanium. '

The change of the resistivity of #n-Ge (p,=50 Q-cm)
under shock loading within the limits of elastic strain
was investigated in Ref. 6. It was noted that the resis-
tivity decreased exponentially with increasing relative
strain € and amounted to 0.18p, at £=0.023. The au-
thors of Ref. 6 attributed their results to narrowing of
the forbidden band E, of the semiconductor under uni-
axial compression in the [111] direction, which leads to
an exponential growth of the carrier density. According
to the estimates made in Ref. 6, the change 6E, of the
forbidden bandwidth was 5.3 eV per unit of €.

Let us examine the possibility of applying this model
to our results. From the electroneutrality conditions
and the effective-mass law (which are valid for nonde-
generate semiconductors) it is easy to obtain the change
An=Ap of the carrier density due to a change 6E, of the
forbidden band, assuming the change of the carrier ef-
fective masses to be negligibly smallt7.8;

nAT';:%'.{[H (nrp)' (exe (- fi’ )-t )]%_1}‘ )

where z and p are the equilibrium concentrations, inthe
absence of strain, of the electrons and holes in an im-
purity semiconductor, », is the same for an intrinsic
semiconductor, T is the temperature, and k is the
Boltzmann constant. It is obvious that the contribution
of the holes to the equilibrium conductivity of n-Ge can
be neglected (in our material the ratio pu,/npu,=5x 102),
but the nonequilibrium holes make a noticeable contri-
bution to Ao, proportional to the mobility ratio b=p, /iy

Ac An
—=(t+b)--, @)

where o is the equilibrium conductivity. We shall hence-
forth neglect p compared with n, the ensuring error in
our case being not larger than 10%. Substituting (2) in
(1) and solving the equation for exp(—bE,/kT), we get
the connection between 0E, and Ao:

6E,=—len{1+ (%)1[( a—(ié%ﬂ):—i]}. 3)
In the derivation of (3) we did not use the condition An

« n, so that this solution, unlike the analogous calcula-
tions in Ref. 7, remains valid also at large Ac/o.

An estimate using (3) shows that our result Ac/o
=1.12 (see Fig. 1) corresponds to 6E,=-0.104 eV (we
used in the calculations the data of Ref. 9 for n;, w,,
and p, and the value of »=7.2 X 10'® cm™? calculated by
us from our measurements of the Hall constant). Thus,
the pressure coefficient that gives the ratio of the
change of the forbidden band 6E, to the applied pressure
is in our experiments equal to —2.74 x 10”5 eV /bar.

We have also estimated the value of 6E, from the ex-
perimental data of Ref. 6: 6E,=-0.122 eV under shock
compression to 40 kbar in the [111] direction. This
yields for the pressure coefficient a value -3.05 x 10°¢
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eV/bar, smaller than our experimental results by 8.8
times in absolute value.

Thus, the phonon mechanism of generation of none-
quilibrium electron-hole pairs when the forbidden band
of germanium is narrowed down in the SW front can
hardly account for the observed anomalous increase of
the conductivity. A more realistic cause of carrier
generation can be ionization of point defects (impuri-
ties, vacancies, and others), which form energy levels
in the interior of the forbidden band of the sample. The
latter can be explained by the fact that the narrowing of
the forbidden band under the influence of the SW de-
creases the ionization energy of the defects. This is at-
tested also by the available experimental data on the in-
fluence of high static pressure!®! on the position of the
local levels of the impurities. There are no grounds
for assuming that the SW does not produce a similar ef-
fect. Moreover, the SW causes a spatial displacement
of the atoms, i.e., is itself the cause of defect forma-
tion, so that the appearance of the indicated effect un-
der dynamic conditions is even more probable than un-
der static compression.

The formation of ionization defects, which are appa-
rently of the same type, under the influence of laser
radiation has been noted in a number of papers.f0-13]
To attribute the observed experimental data to deep-
level traps it must be assumed that in our case the con-
centration of the ionized defects is not less than 8.4
x 10" cm™3,

It will be shown below that the concentration of the
structural point defects (vacancies, interstices, and
their complexes with impurities) did not exceed 2 x 10*2
during the entire bombardment process, and conse-
quently their ionization in the SW front can be neglected.

It remains to assume that the SW ionized principally
the impurity atoms or their compounds with germani-
um, which are electrically neutral under equilibrium
conditions (e.g., the oxygen concentration in commer-
cial germanium reaches 5x 107 cm™3, and it forms
three donor levels at distances 0.015, 0.037, and 0.22
eV from the bottom of the conduction band4). To be
electrically neutral, the impurity atoms (traps) must
have an energy level E, inside the forbidden band of the
sample (if there are several such levels, only one of
them can be effectively ionized in the SW front; this is
the level that will be considered). These traps should
be predominantly of the donor type. In fact, acceptor
levels in n-type material are negatively charged. When
the SW passes, the conductivity approximately doubles
(see Fig. 1), and consequently the concentration of the
nonequilibrium electrons generated from the traps is
commensurate with the equilibrium concentration. It is
clear that the relatively weak perturbation of the SW
(I6E,| <4kT) can not ionize all the traps, and there-
fore, even in compensated material, the deep-level ac-
ceptors are not in a position to enable the conductivity
to double when the SW passes.

We examine now the behavior of donor traps in n-Ge
in the course of passage of a SW. To simplify the calcu-
lation we neglect their interaction with the valence
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band. Since the traps exchange electrons with the con-
duction band at all instants of time, the electroneutral-
ity condition takes the form

=NoHfN, ' 4)

where N, is the concentration of the doping impurity
(“shallow” donors), N, is the concentration of the traps
(“deep” donors), f=N; /N, is the fraction of ionized
traps, and Nj is the concentration of the charged traps.
Under equilibrium conditions, which will henceforth be
labeled by a zero index, it follows from Eq. (4) and
from the Fermi distribution for f, that the position of
the energy level E, of the traps is given by

Nl
ne—Ng - 1] (5)

where E, is the equilibrium Fermi level.

Ew=Er—kTIn [

We consider now the process of the increase of the
conductivity of 2-Ge in “instantaneous” (at ¢=0) defor-
mation of the band structure.!” We assume that the con-
centration n(f) of the conduction electrons changes only
because of the shift of the equilibrium between the do-
nor traps and the electrons with changing ionization en-
ergy of the traps behind the SW. In this appraction, the
Shockley-Read!'%! expression for n(f) takes the form

6n/6t=='yN:[nx'(1—f) _".,]7 (6)

where v is the probability of electron capture (per unit
time) by the donor trap, n{=N_exp[(E}-E’)/kT], N, is
the effective state density in the conduction band, and
E;} and E] are the positions of the trap level and of the
bottom of the conduction band; the primed symbols per-
tain to the SW-compressed state of the material.

Solving Eq. (6) jointly with the electroneutrality con-
dition (4) under the initial condition n(¢=0)=n, we get

A(n,—B)exp(t/1,,) —B (no—4)

= By exp W rgen) — (20— A) ™
where

24=Ns—n/+D, 2B=N;~n/—D,

Tgen=(D)~, D*=(n/+N.)*+4n/N.. ®)

From the character of the observed oscillogram (ab-
sence of “plateau” on the crest, magnitude of the sig-
nal) we can obtain a rough (order-of-magnitude) esti-
mate. At 5x 1078 sec< T,,, <107 sec (the lower limit is
determined by the duration of the laser pulse, and the
upper by the magnitude of the observed signal) the elec-
tron density at the maximum of the curve is n,,,=A.

At T,,,>107% sec, obviously, Tgu/A=T,/i,,, =107 sec-
cm®, where 7, is the experimentally observed duration
of the conductivity growth. On the other hand, 7., is
connected with A, N,, and N, by relation (8), where
N,«<n,=N,. These relations are compatible only at
Teen~ 1078 sec. It will be shown below that y=107° cm?/
sec, which corresponds in order of magnitude to D ~10'®
cm™3, In our material 27,=7.2x 10'* cm™3 and, taking
into account the estimates above as well as the obvious
relations

Ne<no,, A+B=N;,—n,, n/<D, —B>.A
we can obtain

Ne~n,/~10"cm -3,
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It follows from (5), from the definition of !, and
from the obtained estimates that the trap level E,,
which lies in the initial material some (2-5)%T below
the Fermi level, is capable to become equalized with
latter when the SW acts on the crystal, and may even
rise to 2kT above E,. This means that all the traps in
the SW front can become ionized.

We consider now the relaxation of the nonequilibrium
electrons after the passage of the shock wave. Assume
that their concentration at the instant =0 is maximal
and is connected with the experimentally measured con-
ductivity growth (A0/0,).,, by the relation

n(t=0)=ns[1+ (A0/Gs) mas). 9)

The recombination process for the nonequilibrium elec-
trons after the passage of the SW is described by an
equation similar to (6), in which the quantities in the
right-hand side are determined by the band structure of
the unperturbed crystal (unprimed). The solution of this
equation, with account taken of the electroneutrality (4)
and of the initial condition (9), is of the form

A:(t) - Aoo(ot) _ [( A::B"‘E) exp(%.) —E] —1, (10)

where 7,=(yN,)"! and £=(2 - N,/ny)"!. Since 0,/A0,,,
=1 (see Fig. 1) and N,/n,<1, the value of £ lies be-
tween 1/2 and 1.

It was already mentioned that the experimentally ob-
served plot of the relaxation process is well approxi-
mated by an exponential relation of the type

Ac/e,=const-exp (—t/t1,),

with a time constant 7,=10x+1 psec. Assuming this ap-
proximation, we readily obtain the connection between
7,and T;:

t+e(00/A0) mes

EF(O/AD e . .
Knowing 7,, we can estimate the probability ¥ of elec-
tron capture by the traps:

w=1,In

1~ (0.85—1.4) - 10-* cm3 /sec . (11)

1t follows thus from all the foregoing that the anoma-
lous growth of the electric conductivity of germanium
due to passage of the SW cannot be attributed merely to
a narrowing of its forbidden band under uniaxial com-
pression and to subsequent (phonon) generation of elec-
tron-hole pairs. A likely mechanism capable of explain-
ing the observed effects is ionization of deep-level im-
purity centers (traps). It can be due in principle to io-
nization of the traps by either the phonons or the shock
wave itself. The latter mechanism, however, has not
been sufficiently studied so far.

We discuss in conclusion the “residual” effects ob-
served in our experiments following multiple bombard-
ment of a single sample. The carrier recombination af-
ter the first few pulses takes place on traps present in
the material in the initial state. After this, as seen
from Fig. 2, the lifetime begins to decrease noticeably,
as evidenced by the growth of the resistivity of the sam-
ple. This character of variation of the electric pro-
perties under repeated bombardment is not unexpected.
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It as shown in Ref. 16 that bombardment of semicon-
ductors by single laser pulses is characterized by four
qualitatively different intensity ranges. In the first one
observes only short-duration photoelectric changes. In
the second, the residual resistance changes irreversibly
and is fully restored only by heating to 400°C. An ap-
preciable and partially irreversible change takes place
in the third, and finally the sample is destroyed in the
fourth range. The boundaries between the ranges ex-
hibit a clearly pronounced threshold character, but re-
peated bombardment at energy below threshold also
leads to a transition to the next range, a fact apparently
observed in our case.

It is quite probable that the crystal-lattice defects
act as SW scattering centers and this may cause for-
mation of new defects. Repeated bombardment results
therefore in an exponential change of the electrophysi-
cal characteristics. If the increment AC of the defect
concentration for a successive N-th laser pulse is pro-
portional C then, obviously,

C=C.e*, . ' (12) .

where a is the probability of defect formation per pulse,
and C, is the initial defect concentration. A relation of
this kind was observed in Ref. 16.

The experimental dependences of R, and 7, on N
(Fig. 3) show that in our case aN << 1 during the entire
bombardment. Since the defects introduced in german-
ium by laser radiation are acceptors,!'®) it is obvious
that at room temperature the concentration of the cap-
tured electrons can be equated to the concentration of
the residual (non-annealed) defects C,,. In this case it
is easy to estimate the dependence of R, on the num-
ber of pulses N:

1

c .
. ~rl1+5 3
res e,.l,,(no—Cleg R [1 + ne (1+ah) ]' (1 )

where 7, and R, are the concentrations of the electrons
and the resistance in the initial material. From (13)
and from the experimental results (Fig. 2) we obtain an

estimate for C:

C,~8.2-10"cm™. , (14)

It must be emphasized that the behavior of the struc-
ture defects introduced in the germanium by laser radi-
ation differs substantially from the deep-level trap con-
sidered above. The SW-generated structure defects are
acceptors and are capable of overcompensating the high-
resistance n-Ge (see Sec. BC of Fig. 5). In addition,
despite their small number, they alter substantially the
lifetime of the free carriers (electrons). It is this that
can explain, apparently, the experimentally observed
(Fig. 3) decrease of the relaxation time of the nonequi-
librium conductivity when one sample is repeatedly
bombarded.

In the third irradiation-intensity range, a qualitative
change is observed in the character of the oscillograms
(see Fig. 4). This change can be interpreted in the fol-
lowing manner. When the conductivity decrease due to
the introduced defects becomes commensurate with its
initial growth, a change in the sign of Ao sets in after
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some time interval (approximately after 15 ysec in Fig.
4) because of the difference between the relaxation time
of the nonequilibrium carriers and the defect-annealing
time. After the nonequilibrium carriers have relaxed,
annealing of the introduced defects is observed (the
growth of Ac after the 20-th microsecond in Fig. 4).

Further repeated bombardment in this intensity range
leads to an appreciable growth of the resistance. The
latter, after passing through a maximum, then begins
to decrease (see Fig. 5). This sample state, observed
also in Ref. 16, can be attributed to overcompensation
and formation of a section with p-type conductivity in
the irradiation interaction region. In view of the differ-
ence between the current-voltage characteristics of the
produced p-» junctions, the sample as a whole begins
to exhibit rectifying properties. This bombardment
state precedes the sample disintegration. An impor-
tant role in the .magnitude and character of the observed
effect is played by the sample thickness. The size ef-
fect can be the result of two causes. First, ‘the short
duration of the laser pulse can cause the thickness of
the compressed layer (between the compression-wave
front and the relaxation wave), which is approximately
equal to the produce of the laser-pulse duration by the
speed of sound in the sample, to be much less than the
sample thickness. Second, in thick samples, the damp-
ing of the SW and the shunting action of the unperturbed
part of the sample come into play. This is precisely
why oscillograms of the type shown in Fig. 4 were not
observed in our experiments on thick samples bombar-
ded until they disintegrated.

5. CONCLUSION

Our experiments have shown that the SW generated by
a laser pulse in n-Ge causes a radical change in the
carrier density, followed by their relaxation, as well
as residual effects due to defect formation. The results
of the experiments can be satisfactorily explained as
being due to phonon ionization of the impurity atoms
that have a deep level in the forbidden band of the semi-
conductor; this is possible when the electron structure
is deformed as a result of uniaxial compression of the
crystal in the SW.

The residual effects can also be satisfactorily ex-
plained as being due to peculiarities of the formation
and annealing of the structure effects.

The procedure developed can be used also for other
elemental semiconductors, such as #-Si, whose band

315 Sov. Phys. JETP 48(2), Aug. 1978

structure is similar to that of germanium, or for semi-
conductor compounds, if the concentration of the intrin-
sic defects in them (violation of stoichiometry etc.) is
small. Lifting of the degeneracy of the valence band in
germanium and silicon of p-type on passage of a shock
wavel?? leads to substantial singularities in the conduc-
tivity change that is observed in them.

In conclusion, the authors-thank L. I. Ivanov and
R. A. Sirus for a useful discussion.

1) When the SW propagates, the sample is in a deformed state
for approximately 10”7 sec. It is known that the band structure
‘“adjusts itself” to the change of the distance between atoms in
the crystal lattice within ~107! gsec. It can therefore be as-
sumed that the forbidden band has changed jumpwise by an
amount 0E,.
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