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MEASUREMENT OF HIGH ELECTRICAL CONDUCTIVITY IN SILICON 

IN SHOCK WAVES 

S. D. Gilev and A. M. Trubachev UDC 539.63:537.311.3 

The study of dielectric (semiconductor)-metal phase transitions by measurement of elec- 
trical conductivity is of great interest in the physics of both shock waves and the solid 
state. The problem of conductivity measurement in a shock wave was formulated more than 
20 years ago and has been considered by many authors [1-4]. The difficulties in solving 
this problem are related to the fact that under shock wave loading conditions the conduc- 
tivity of the material changes by many orders of magnitude over a fraction of a microsec- 
ond, reaching values characteristic of classical metals. Measurement of conductivity under 
such conditions was considered in [5-11]. 

The most widely used measurement method is that involving a shunt connected in paral- 
lel with the specimen to be studied [5-9]. The shunt serves to couple the current to the 
power circuit and limits the range of change in voltage across the specimen. However, the 
spatial separation of the specimen and shunt leads to high inertia in the measurement cir- 
cuit, which makes determination of high conductivity (o > 105 ~-Z-m-l) quite difficult. 
At present values in the range o ~ 104-105 ~-l'm-Z can be recorded reliably. 

The present study will offer an improved method for measurement of high conductivity 
together with a technique for processing the experimental data which insures nanosecond 
time resolution and raises the upper limit of measurable o to 106-107 ~-X-m-1 The depen- 
dence of electrical conductivity on pressure will be determined for solid and porous sili- 
con under conditions of single-time and multiple compression by shock waves in the inten- 
sity range 7-20 GPa. 

i. Figure la shows the electrical circuit used for measurement of electrical conduc- 
tivity during dielectric (semiconductor)-metal phase transitions. It includes a power 
supply (PS), shunt, and the specimen under study. At the initial moment the specimen re- 
sistance is high and practically all the current flows through the shunt. When the shock 
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wave impinges upon the specimen its resistance becomes comparable to the shunt resistance 
and the current I in the shunt-specimen circuit is redistributed over a characteristic time 

,,~ (L s +  L~)/(Rs + Rx). (1.1)  

where Ls, Lx, Rs, R x are the inductance and resistance of the shunt and specimen. The quan- 
tity T determines the time resolution of the circuit. When high conductivity is being meas- 
ured the resistance of the measurement circuit is low but because of the spatial separation 
of the shunt and specimen its inductance remains high. This leads to large values of T. 

We will denote by T l the period over which a high-pressure zone exists in the shock 
wave, while ~2 will be the time required for shock wave passage through the specimen. 
Depending on the ratios of T, ~i, ~2 three cases of practical importance are possible: 
for �9 ~ T I correct measurement is impossible; for ~2 < T << ~I it is possible, but only 
in a multiple compression mode, so that the state of the material is often poorly defined 
and the measurement result is a steady-state conductivity value with high uncertainty; for 

< ~2 ~ Tl conductivity measurements are possible for single time and multiple compres- 
sions. The above analysis is quite elementary, but the experiments found in the literature 
on high-conductivity measurements fall mainly into the first two cases as regards the char- 
acteristic time ratios. 

It is clear from the above that decreasing the relaxation time is a most important 
problem, without solution of which one cannot hope to obtain reliable results on the conduc- 
tivity of the material. 

2. It is evident from Eq. (i.i) that to decrease the times of transient processes 
in the measurement network it is necessary to decrease its inductance. Figure ib shows 
a diagram of a measurement cell with minimum inductance. The shunt I, made of a thin flat 
foil, is placed upon the specimen 4 which has the same width, and is in electrical contact 
with the specimen over its entire surface. The layers 2, 3 are insulating material. A 
current is fed from a current generator through the leads of the shunt to the specimen and 
maintained constant during the measurement process. The shock wave enters the specimen 
through insulator 2 and shunt i. The voltage across the specimen is taken from electrodes 
5, located in the shunt-specimen contact plane perpendicular to the direction of current 
passage. Such construction significantly decreases the duration of the transient proces- 
ses which limit time resolution and the measurable conductivity. A unique feature of the 
circuit is that measurements can be performed during the process of shock wave propagation 
under singlefold compression conditions. Measurements are also possible after arrival of 
the shock wave at insulator 3 and full establishment of the currents in the shunt-specimen 
circuit (multiple compression regime). 

We will consider the process of shock wave propagation through the specimen. At t = 
0 let the wave enter the material to be studied. We denote by D the shock wave front velo- 
city, u is the mass velocity, h z is the thickness of the shunt, and h is the thickness of 
the specimen. Behind the shock wave front in the material a conductivity o develops. As 
the shock wave propagates into the depths of the specimen the current from the shunt is 
redistributed through the layer of shock-compressed material. 

We will make the following assumptions: i) skin effect is absent in the shunt and 
specimen; 2) the specimen conductivity o is constant over time; 3) the conductivity behind 
the shock wave front appears with no time delay; 4) the shunt resistance and total cur- 
rent in the circuit are constant. It is simple to show that with these assumptions the 
specimen conductivity can be found with the expression: 
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h~o~ •  v ~ ) h 
~ - - -  D - - u  t ~ - ~ - - ]  , 0 < t < ~ .  (2.1) 

Here V(t) is the voltage recorded across the electrodes; V 0 is the initial voltage; o I is 
the conductivity of the shunt. The first two assumptions are of principal significance 
in the derivation of Eq. (2.1). A systematic deviation of the experimental dependence o = 
o(t) obtained with Eq. (2.1) from constancy indicates the presence of a conductivity profile 
or the influence of skin effect. We will define the range of applicability of Eq. (2.1) 
with regard to skin effect. We write the condition for absence of skin effect up to the 

time t in the shunt 

<< ( 2 . 2 )  

and in the specimen 

(D -- u) t << ]/rU(poa ). ( 2 . 3 )  

Simultaneous solution of Eqs. (2.2) and (2.3) gives the following limitations on the obser-:~ 

ration time: 

Ta<<t<<T4" (2.4) 

Here ~3 = hli~0ol; x4 = [p0o(D _ u)2]-i (~3 defines the skin effect in the shunt; T 4, in 
the specimen). Condition (2.4) establishes the working range of Eq. (2.1) with respect 
to skin effect. Numerical estimates show that for measurement of high conductivity T 3 and 
T 4 lie in the nanosecond range. 

We will also consider the question of time resolution of the proposed circuit. Gene- 
rally speaking time resolution is determined by the skin effect in the shunt, T = T 3, and 
comprises units or tens of nanoseconds when thin foils are used. However, near t = 0 one 
must consider splitting of the incident shock wave in the shunt because of the differing~ 
shock impedances of the layers (insulator, shunt, specimen). The conductivity front reso- 
lution time T o is thus found to be the larger of two times: the shunt skin effect time 
T 3 and the time for shock wave establishment in the shunt T s : x O = max (x3, Ts), where 
T s = hln/c (c is the wave velocity in the front, n is the number of passages of the wave 
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TABLE 1 

Density Material J~- ~111_~ a ~ Reference 

Copper 
DI6T 
Hetinax 
Porous silicon 

polystyrene 

8,9 
2,78 
1,37 

1,0 
t,05 

3,9t5 
5,328 3,048o 
0,17o 
2,4 

1,495 
1,338 
i ,422 

t ,  84 
i ,637 

[i2] 
[13] 
[i3l 

[14] 
[15} 

which insure equalization of pressure in the insulator and specimen). Estimates show that 
for use of a foil with h I <500~m ~:~ = T 5. 

3. Experiments were performed to measure o in porous and single-crystal silicon. The 
porous specimens were made from type KP-I silicon, ground into a powder with particle dia- 
meters of about 1 zm, with specimen thickness of 0.8-3.5 mm. The single-crystal silicon 
used was in the form of a plate about 0.27 mm thick (initial resistivity ~I00 ~'cm). The 
current through the measurement cell was 500 A, maintained constant during the measurement 
process. The shunt was prepared from Constantin foil ~i00 zm thick (shunt width i0 mm). 

The measurement cell was loaded by a plane-wave generator 75 mm in diameter, which 
produced an approximately triangular pressure profile 5 Dsec in duration. The generator 
insured planarity of the wave over 40 nsec at 50 mm diameter and for better than i0 nsec 
over the measurement lead base of 5-6 mm. Signals were recorded by an SI-75 oscilloscope 
with 250 MHz bandwidth. 

The intensity of the incident shock wave was varied by using different explosives and 
buffer layers with different shock impedances. The pressure in the measurement cell was 
calculated from the known shock adiabats of the materials and monitored by a manganin sen- 
sor in a number of the experiments. The values, of the coefficients in the expression D = 
a + %u are presented in Table 1 (data on shock compressibility of single-crystal silicon 
were taken from [16]). 

Figure 2a shows an oscillogram from an experiment measuring conductivity of porous 
silicon. The shock wave brings the powder into a conductive state which is recorded in 
the oscillogram as a sharp drop in signal level. The incident shock wave undergoes split- 
ting in the shunt, and a sequence of shock waves with increasing intensity exit into the 
silicon. The later waves have a higher propagation velocity and move through material which 
has already been compressed so that at some distance from the shunt within the specimen 
a single shock wave is again formed. The effect of wave splitting depends on the shunt 
thickness and leads to a characteristic inflection at the beginning of the oscillogram. 

Figure 2b shows the same oscillogram and the result of its processing. The point A 
denotes the moment of shock wave arrival in the material, while C is the calculated time 
of shock wave exit into the insulating wall. The right-hand ordinate shows the dimension- 
less quantity V00/V-i [V00 is the signal level taken as initial in the processing; the cor- 
responding time is taken as zero (point B)]. For constant o without skin effect, accord- 
ing to Eq. (2.1) this dependence should form a straight line. After shock wave establish- 
ment (~i00 nsec) the experimental points fit a straight line fairly well, the slope of the 
line defining the electrical conductivity. The value found for o by this processing com- 
prises 8.9.105 ~-l.m-1. Deviation of the points from the straight line at the first and 
last moments is related to skin effect. 

Analysis of the experiments revealed that: i) the manifestation of conductivity cor- 
responded precisely to the moment of shock wave exit into the specimen, while if any delay 
did exist it was less than 5-10 nsec. Delay was determined by comparing the moment of shock 
wave exit into the specimen and the moment at which conductivity appeared; 2) the silicon 
conductivity in the compressed state remained practically constant over time; 3) the accu- 
racy of o determination with the given method of oscillogram processing was no worse than 
10%. Since o is determined from a large number of points in one and the same experiment, 
the method shows little sensitivity to spurious signals; 4) the measurement method permits 
tracing the qualitative dependence o(p) in a single shot, because of shock wave splitting 
in the shunt. For porous silicon o increases with increase in pressure p, as shown by the 
increase in slope of the oscillogram processing curveinits initial segment (the time in- 
terval AB in Fig. 2b). 
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Two shortcomings of the measurement cell should be noted: i) since the initial segment 
of the oscillogram is excluded from examination, information on the dynamics of conductivity 
growth in the shock front is lost. The most radical method of improving the time resolution 
of the conductivity front is matching the impedances of the upper insulator and the shunt; 
2) the specimen has a finite width and is surrounded by material with different shock wave 
properties. In the central portion the specimen is compressed by a planar shock wave, while 
at the edges its state is determined by a more complex interaction of waves. The dimension 
of the perturbed zone depends on the specimen thickness and the closeness of the shock adia- 
bats of the materials. Estimates performed show that in the experiments conducted the con- 
tribution of edge effect to the measured o value did not exceed 4% for the thickest speci- 
mens used, which lies within the limits of accuracy of the conductivity measurement method. 

Figure 3 shows experimental results of measuring conductivity of porous silicon. Each 
circle corresponds to an individual experiment, in which the o value was found by proces- 
sing an oscillogram in the coordinates (V00/V - i, t). The conductivity of the porous sili- 
con increases with increase in pressure in the shock wave but traces of saturation can be 
seen in the function o(p). The scattering of the points can be explained by scattering 
in the initial density of the porous silicon (• 

A series of single-crystal silicon experiments was performed with thin specimens so 
that the problem of tracing dynamics of the process was not considered and only the value 
of o established after multiple wave passage was recorded. Otherwise the conduct of the 
experiments was the same as those with powdered silicon. The oscillogram of one such ex- 
periment is shown in Fig. 4. Under action of the shock wave the voltage across the measure- 
ment cell falls sharply. The slight further change in voltage is related to the falling 
pressure profile. After some time an unloading wave enters the specimen from its free 
surface and the silicon experiences a reverse transition to the nonconductive state (re- 
verse transition time ~250 nsec). In the unloading wave the integrity of the electrical 
circuit is disrupted and the signal becomes unpredictable. 

Measurements showed that upon removal of p in the unloading wave the single-crystal 
shows significant hysteresis in its conductivity~ reaching more than an order of magnitude. 
Hysteresis also occurs for porous silicon, although due to the smoother dependence of o 
on p and indefiniteness in the position of the unloading isoentrope it is more difficult 

to record reliably. 

Figure 5 shows results of o measurements in single-crystal silicon i together with 
averaged results for powdered silicon 2. Comparison of the experimental results shows 
that for p < 12 GPa the function o(p) for the single-crystal is significantly more intense 
than for the powder, and has a plateau character for high p. As is well known, at high 
pressure silicon experiences a semiconductor-metal phase transition [17, 18]. This is a 
polymorphic transition, characterized by a change in the crystalline lattice structure from 
a cubic diamond type to a white tin type lattice. The pressure for this phase transition, 
as determined in [16] from the cusp in the shock adiabat, is 13.4 GPa. The total increase 
in o in the shock wave in the present experiments was i06 times for the solid silicon and 
more than 1012 times for the porous. 

Figure 5 also shows results of o measurements in porous silicon under multiple com- 
pression conditions 3. The silicon powder was located in a narrow gap between hetinax 
plates. The o calculation was performed for the settled voltage level (marker D of Fig. 
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2b). On the average the points for multiple compression lie above those for single com- 
pression, although measurements under such conditions have intrinsically higher uncertain- 
ty, related to indefiniteness in the position of the shock adiabat for multiple compres- 
sion and the low final signal level. Nevertheless comparison of the data on compression 
of porous silicon shows that reduction in temperature of the shock-compressed material 
leads to an increase in o, indicating its metallic character. 

In the variables T-p Fig. 6 shows the phase diagram of silicon [19] and calculated 
functions T-T(p) for porous (i) and solid (2) silicon during compression by a shock wave. 
In regions I-III the silicon exists as a semiconductor, a fused phase, and a metallic phase 
(the melted phase shows metallic properties). Of interest is the fact that although the 
conductivities of solid and porous silicon are similar in order of magnitude in the phase 
transition region the mechanisms whereby conduction appears differ significantly. The con- 
ductivity of porous silicon increases because of its fusion in the shock wave. It is char- 
acteristic that the ~ values obtained are close to the conductivity of the melt at atmos- 
pheric pressure [20]. The conductivity of solid silicon appears during the process of the 
semiconductor--metal phase transition with pressure playing the fundamental role. Therefore 
the function o(p) for solid silicon in the pressure range before the phase transition has 
a higher slope. 

4. The method of processing the experimental data considered above assumes the ab- 
sence of skin effect in the shunt and specimen. To study the limiting capabilities of the 
method the one-dimensional problem of skin effect in the shunt-specimen system was con- 
sidered. The problem was solved numerically, and the specimen conductivity behind the shock 
wave front was assumed constant. Solutions were obtained for moments corresponding to shock 
wave propagation through the specimen (singlefold compression regime) and for times after 
the arrival of the shock wave on the wall and complete settling of the currents (multiple 
compression regime). During the course of the solution parameters of the shunt-specimen 
system were found for which skin effect was low. Estimates of the limiting conductivity 
for the single compression regime yielded 4"i0 s ~-i-m-I for low compressibility metal-type 
materials and 10 6 ~-1.m-l for materials with u/D = 0.5. The multiple compression regime 
permits a significant increase in the upper limit of measurable conductivity: 10 7 g-l.m-Z 
for low compressibility material and 3.10 7 ~-l-m-i for materials with u/D = 0.5. The analy- 
sis performed shows that it is possible to perform o measurements in a shock wave corres- 
ponding to the conductivity of conventional metals. To a significant extent the proposed 
method solves the old problem of measurement of high conductivity of material during diel- 
ectric-metal phase transitions in a shock wave. 

The authors are indebted to E. I. Bichenkov for advice and support in completing the 
study. 
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VISCOELASTICITY OF ALUMINUM IN RAREFACTION WAVES 

G. I. Kanel', S. V. Razorenov, and V. E. Formov UDC 532.593 

It has been shown previously [1-3] that in shock-compressed metals both loading com- 
pression waves and rarefaction waves have elastic precursors. Analysis of the change of 
state in compression and rarefaction waves following a shock wave has shown that increments 
in deviator stresses in these waves can significantly exceed the stress anisotropy behind 
the shock wave front. Such a situation does not agree with simple models of an elastoplas- 
tic body, according to which increments in deformation in the plastic region are related 
to insignificant or even zero increments in deviator stresses, while the corresponding rate 
of propagation of weak loading waves is close to the "volume" speed of sound c b = (Sp/ 

8p)s I/2. Such features of stress-deformed states and their changes behind a shock wave in 
metals have been explained by stress relaxation processes [1, 4, 5] or the specifics of 
high-speed metal deformation in the shock wave [3], involving heating of slip planes which 
leads to significant short-term loss of shear strength in the metal. In the latter cases 
resistance to deformation is reestablished as temperatures equalize behind the shock wave 
front and is practically independent of deformation rate. 

In a Maxwell-type elastoviscous medium after the specimen is maintained at a fixed 
deformation, independent of their sign weak perturbations should propagate like purely 

elastic waves with a velocity ct = ~(K + (4/3) G)/p. In particular, for a steplike rare- 
faction the speed of the loading wave front should be equal to cz. If the processes of 
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