OSCILLATIONS OF THE INTERFACE TENSION
INSIDE SOLIDS

A, Ya. Gokhshtein UDC 541.1

So far the surface tension of solids [1-5] has been studied solely in the boundary between a solid electrode and
an electrolyte, In paper {1]it was pointed out that this may be done in any interphase boundary. In the present
study we investigated the tension of p-n-transitions in semiconductors. The experiments were done with 5 15 mm
single~-crystal slabs in which a p-n-transition was created by diffusion from one or two sides, and on which films
forming ohmic contacts were deposited on two sides, The main measurements were done in the following silicon
samples, A) p-type, 2 Q - cm resistivity, transition from two sides (main and auxiliary) formed by diffusion of P,
stratification depth of the main transition §, = 7 p; contacts consisting of an Al coating, §, = 5 u; total slab thick-
ness X =270 y (Fig. 1), B) Transition from one side, A = 350 yu, the other characteristics were identical to those of
sample A (Fig. 2). C) n-type, 500 Q - cm resistivity, transition from one side formed by diffusion of B, §, =6 u,

8, =5 p, X =200 y. The shift in the transition ¢ = ¢y + Agsin wt (m index indicating the average, A ¢ ampli~
tude) oscillates with the small amplitude A ¢ (criterion of smallness derived in [1]). The oscillations of the inter-
face tension ¥® thus generated produce vibrations in the system formed by the sample and a piezo~-element, and
the voltage generated in the faces of the piezo-element is recorded, the latter voltage being proportional to the
variable component y°,

1. Although the samples examined possess quite special properties, we may still expect that, if no compli-
cations arise, the amplitude Ay? of the first harmonic component of the voltage and the space charge ¢ of the
transition will be related as follows Ay® = [& | A ¢, which relation is analogous to that for an electrode-electrolyte
contact [1], the latter being derived by applying the Gibbs equation. Since e rises when the constant negative dis-
placement ¢y, increases, this relationship predicts that the amplitude of the interface tension will rise with increas~
ing @,,. This conclusion is fairly well confirmed by the experiment. From the record shown in Fig. la, which was
taken at decreasing voltage (from 0.to —8 V), at the frequency v = 4800 Hz and A ¢ = 0,8 V, it follows that the in-
terface tension (upper curve) increases markedly with @,,. The curve representing the capacity of the current
through the transition (second curve from the top) indicates that in this ¢, range the capacity of the transition
C( qpm) is nearly constant, which agrees with the nearly linear rise of € with ¥m (Fig. 1a). The experimental record
of y% versus ¢, is also nearly linear (Fig. 1a). Consequently, the ratio Ay% A ¢ yields the sapce charge of the
transition. The pseudocapacity produced by diffusion at low ¢y, does not give rise to distortions,

2. According to the formula Ay? = |¢|A ¢, the amplitude of the interphase tension does not depend on the
frequency in the simplest case, whereas the current capacity rises with the frequency. The latter produces sec-
ondary effects in the bulk, Side effects can be eliminated by measuring at low frequencies where the current is
small. Oscillograms of the interface tension AYY, the current Aj, and the potential A ¢ at v = 1190 Hz are shown
in Fig. 1b. The voltage was varied from +4,7 to —~3.9 V. Since there exists a transition on the two sides of the
slab, Fig. 1b should be considered to represent two plots which, exactly as those shown in Fig. la, were taken from
¢m = 0. The interval [—4.7 V, 0] corresponds to one transition and the interval [0, —3.9 V] to the other (left and
right-hand sides of Fig. 1b). In each of the two records the opposite transition can be considered to represent a
small additional resistance. This situation in the sample is favorable for measurements of Ay? at Py = 0: 1) the
direct current through the transition and the proportional side effects are small; 2) the periodical component of ¢
may be considered sinusoidal, although during one half-period it is applied mainly to one transition and during the
other half-period to the opposite transition: the deformations of one and the same sign (elongation) which are pro-
duced on the opposite sides of the slabs during the two half-periods are equivalent to a sinusoidal deformation on
one side (two-stroke system). The second condition is only partly fulfilled in the slab in which the records of Fig. 1
were taken, for, the transitions at the two sides are not of identical quality. The reverse current from the auxiliary
transition and the variable component of this current (left-hand side of Fig. 1b) are of considerable magnitude, The
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reverse current from the main transition (right-hand side of Fig, 1b) is very small. Fig. lc shows the current passing
through the slab at the same ¢, and frequencies equal to 0.5, 5, 10, 15, and 20 kHz. The alternating current pas-
sing through the main transition (right-hand side of Fig. 1c) is proportional to the frequency; the phase shift referred
to the potential equals 7/2, i.e., this current is almost entirely due to a capacity. Therefore, the conditions at
which Ay? is proportional to ¢ are fulfilled for the main transition (entire Fig. 1, right-hand parts of Fig. 1b, c, d).
At 1190 Hz the current from the main transition is already sufficiently small, and the distortions produced by side
effects (methods of estimating these effects are discussed below) do not exceed 10% of the measured Ay value, Cal-
ibration by means of the method of paper [5] yields AY® = 0.64 dyn/cm at ¢ = —8.9 V; differentiation of Ay%A ¢
with respect to ¢, (Fig. 1b)* yields C = 1.1 - 1072 pF/cm?, whereas from the plot of the current (Fig, 1c) at ¢ =
—8.9 V it follows that C = 1,3 . 10~ yF/cm?% The side effects, which are proportional to the capacity increase with
rising frequency, which causes the Ay versus ¢y, curve to shift, In Fig. 1d oscillograms of Ay and ¢ at 1190 and
10020 Hz are plotted along different scales.

3. The range of positive shifts was studied in slabs with a single transition (Fig. 2). To keep the tempera~
ture constant at large direct currents, the slab was immersed in alcohol during the measurements. Passing from
positive to negative ¢, values (from left to right in Fig. 1a), we note the following regions of the curve of Ay ver-
SUS ¢m. I) Ay is low and drops slightly; an increase of the frequency is accompanied by a noticeable decrease of
Ay in this region, II) A steep drop of Ay. III) A minimum with symmetrical branches around the minimum A7y,
IV) linear rise of AY. V) Accelerated rise. Records of Aj and AY are shown in Fig. 2a. The regions of high Ay and
high Aj coincide. In the latter region Ay is only approximately proportional to Aj. Inclusion of a resistance Rin
series with the transition at a constant amplitude Av of the voltage applied to the two ends of the chain enables us
to create a region of constant Aj (right-hand side of Fig. 2a) in the range ¢, >> 0; the magnitude of this constant
current depends on R, In contrast to Aj, Ay varies noticeably in this region. The drop of Ay in the beginning of re-
gion II is steeper than that of Aj.

4. The following effects may result in a further bending of the slab superposed on the bending produced by
the change in interfacial tension. 1) A piezoelectric effect generated in the bulk of the semiconductor by a field
proportional to the current. An estimate shows that this effect is small in our case; a piezoelectric effect is gen-
erated in the layer where the space charge is located at ¢, < 0; it is independent of ¢y, Aj and ¥ and is re-
sponsible for a small shift of the zero reference line. 2) Considerable heating of the layer with the higher resistivi-
ty. In our case this effect is negligible at ¢p; > 0; at ¢ < 0 the same holds mainly for the heating of the transi-
tion by the reverse current; according to estimates, this effect is of second order, and manifests itself only at a
high reverse current and moderate frequencies. 3) Injection of minority current carries, which lowers the resistivi-
ty of the slab layer adjacent to the transition; calculation and experimental study of the relationship between Ay
and jp, show that this effect is small. 4) Thermoelectric heating and cooling of the opposite sides of the slab are
the main causes of the oscillations of the internal stresses superposed on the oscillations of the voltage; at ¢m > 0
this is the Peltier effect; at ¢m; < 0 this explains why the thermoelectric effects produced by the passage of current
carriers into and from the space charge region are different; this effect is considerable under nonstationary condi-
tions. The change in the shift towards the positive side of the transition has the following consequences: a) the
charge is reduced (e < 0 at any ¢} and the interface tension reinforced, so that the transition is linearly com-
pressed, b) the contact is heated, with the result that the layers adjacent to the transition expand, Hence, it follows
that the deformations produced under stationary conditions by the changes in the interface boundary and the tem-
perature of the transition are of opposite sign. At low frequencies the phase difference comes close to T, Let the
voltage be v = ¢ + jSR = vi; + A vsin wt, the density of the current through the slab j = j, + A jsin (wt + 8) (S de-
notes the area of one side of the slab, t the time, w =27 v), and the variable components of the heat flow: El =
7y(j=jy) on one side, §, = —#,(j-j) on the other side (in the special case, , and m, are the Peltier coefficients);
analysis shows that the slab will oscillate as if there were the following variable interface tension on one side of
the slab:

Y(t) = (uE/ap)(xzmzaz)(m+112)AQ([3)sm[mt_ (B) + 0 + =],

Q(g =tan B, h = thB) = 3{'ph*(1 + £°)2 + g (1 — 1) 4
+ p(1 g2 — Blr(1+¢%) +g(1 — h?)] (1 +g2h2)}"’/2[53(1 + &°h), e8]
— 281 +gh)—h(1 +g8)—g(1—hY)
Y @) = arcen TS s =
* Calculation for a thin p-n-transition yields the formula dy/d¢ = —&/2(1-p), where p denotes the Poisson

coefficient (0.2-0.3).
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10 . the argument = (A/2a)Veo/2; Q(0) =1, ¢(0) =0,

' ™ Q(») =0, P() =m/2 (Fig. 3); n denotes the coefficient of linear
o expansion, ¢ the heat capacity, p the density, a® the coefficient of

thermal conductivity, E the elasticity modulus (in Si: » = 4,2 . 1076
deg™l, ¢ =0.71J/g - deg, p = 2.833 g/cm?, a® = 0.88 cm?/sec [6],

. . the Peltier coefficients m are of the order of tens of volts, E =

/ \ 0.84 - 10" dyn/cm? (static bending tests)). At Aj = const (at ¢y >0,

> mainly j* =v/R, 9=0) Ay™ drops below the Ay} value given by [1]
when w rises. The phase 7+ with reference to the phase of the ten-

P

sion y“ (and v) varies from Tatw=0to 7/2 atw — =, At Aj =

// \ ; —wCA @ (at ¢y < 0, essentially j~ = C dv/dt, 6 = 7/2) ¥~ increases
AN from zero at w =0t0 Ay = 2(xE 7 Lp)CAgll. At the same

\\d_ time the phase of ¥~ varies from 37/2 to .

00 / 2 7 4 F; a 5. The considerations exposed above explain the shape of the
P—" Ay versus ¢, (V) curve (Fig. 2a) and the variation with the fre-
Fig. 3. Functions Q(8), ¢ (8), and P(B8) = quency. Sinc.e tpe difference between the ‘phases of+y+_and Y% at
AT /Ayo: B =(\/22) Yw/o. l?w frequencies is close to ‘ﬂ, the gradual nse. of AY™ with ¢y, at
VIBY e first reduces the total Ay signal; the latter signal passes through a
Y signali gnai p g

minimum (A Ymin) and starts rising after the condition Ay™* > Ay9 is fulfilled; AYmip # 0, since the difference be-
tween the phases of ¥* and 7 is less than . The phase difference decreases with rising w, which causes BYppin to
increase. The steep drop of Ay ™ with rising w shifts the minimum towards positive ¢, * Ay® decreases with rising
positive ¢; hence, the phase difference Ay =~ A)/+ — AYY rises faster (region II) than Aj. The steep rise of Ay at
large negative ¢p, is not related to the Peltier effect produced by the rising reverse current; the absence of a
characteristic minimum indicates that the phase of the observed effect is nearly equal to the phase of the voltage;
this effect is produced by the heating of the transition by the reverse current j; and can be estimated from the power
|Ajrem, | Comparison of the maximum ¥ and j( ¢y, =4.7 V) for sinusoidal variations (Fig. 2b, c, e) shows that the
values at negative ¢, and minimum current (Fig. 2a) are about ten times higher than those which might be pro-
duced by the current. The same holds for Ay and its variation with rising ¢y, as shown in Fig. la, b. For example,
the effect of the reverse current (¢, = —3.9 V, Ajp <10 pA/cmz) is about omne hundredth of the difference
Ay(=38.9) — AY(0). The main features of the phenomena described above for Si were found also in preliminary ex-

periments with Ge.
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