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The ac photocurrent (PC) and photothermal reflectance (PTR) spectroscopic response theory
of a semiconducting p-» junction developed in part I [J. Appl. Phys. 66, 5572 (198%)1is
applied to theoretical simulations to identify the influence of the various electronic and
geometrical device parameters invoived. The theory is further tested in an experimental
configuration with a commercial solar cell. The experimental ac photecurrent and
photothermal reflectance data exhibited satisfactory agreement with the theoretical model, and
yielded, respectively, experimental values for the minority lifetimes 7, and 7,. A combination

of PC and PTR data yielded reasonable L, estimates.

i. INTROBUCTION

In part I of this work' a coupled theory was developed
for measuring electronic transport parameters in p-r junc-
tion devices using ac photocurrent {(PC) and photothermal
reflectance (PTR) detection.? Formally, an important fea-
ture of the theory was the emergence of the PTR signal as a
dependent effect, requiring complete knowledge of the car-
rier density fields, so as to fully describe the heat generation
source term [see part I, Egs. (69) and (70)], and also to
satisfy the boundary condition involving the rate of heat gen-
eration at the surface due to nonradiative surface recombina-
tion processes.” The formalism for the p-n junction ac photo-
current generation was developed and used as the primary
vehicle for providing the desirable minority-carrier distribu-
tion functions An, (x) and Ap, {(x) on either side of the junc-
tion at x = 0 (see part I, Fig. 1.

In view of the above theoretical relationship between ac
PC and PTR signals, the guesticn of the possibility of com-
plete equivalence between these two analytical methods
must be addressed. In that case one of the two methods
might prove redundant, although a tradeoff clearly exists
between the relative theoretical simplicity of the ac PC meth-
od, and the relative experimental simplicity of the ac PTR
method: the latter requires no contact electrodes for the
characterization of the p-» junction and thus has the poten-
tial to become & promising nonintrusive characterization
method at various stages of junction device fabrication.

In this work, several illustrative computer simulations
of the full ac PC and PTR theories of part I will be described.
The results of the comparison between the two techniques
show that they do not vield equivalent information in a re-
dundant manner, but, instead, each technique exhibits dif-
ferent degrees of sensitivity to the device electronic and geo-
metrical parameters. Therefore, they prove to be
complementary techniques in practice. Preliminary mea-
surements using a Si solar cell wiil also be described from the
viewpoint of electronic parameter predictions through com-
parisons of the ac PC and PTR experimental data with the
model.
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i. ac p-n JUNCTION PHOTOCURRENT SIMULATIONS

Measuring ac photocurrents across an illuminated p-n
junction is & simpler operation than measuring photovol-
tages. The latter involve the contribution of the junction ca-
pacitance? at high frequencies, which tends to complicate
the frequency dependence of the junction response.” In what
follows, computer simulations of the junction generation
current density /., will be presented. Experimentally, it is
the amplitude |J;| and phase ®,; of the photocurrent signal
that is monitored through lock-in detection. Therefore, the
polar coordinate representation [see part I, Egs. (29) and
(30) ] has been adopted throughout.

The dependence of the ac PC signal on the optical ab-
sorption coefficient 2 of the junction material has been in-
vestigated in Fig. 1. A Si p-n junction has been assumed with
typical crystalline Si solar cell properties.® Modulation fre-
guencies in the 0.1-10 MHz range were chosen, since they
are realistic with PTR instrumentation using acousto-optic
pump laser beam intensity modulation.”® Figure 1 shows (in
units of gNy/2), a linear dependence of a PC signal on 2
within a range spanning the transparent end up tc a maxi-
mum limit, which is an increasing function of modulation
frequency /- The PCsignal is seen to plateau briefly at high S
and to decrease for values of S2 10’ m ™. In that range
£d > 1 and the p-type side of the junction (see part I, Fig. 1)
becomes optically opaque, with the consequence that photo-
generated minority carriers lie closer to the device surface
where they are swept out of the circuit due to the high recom-
bination velocity. Thus J; diminishes, and Fig. | can be very
useful in optimizing the excitation wavelength of a given p-»
junction for maximum ac PC ocutput through the depend-
ence of optical absorption coefficient on 4, in the presence of
high surface recombination velocities. It cught to be re-
marked that Fig. 1 further indicates that the ac PC technique
may be used as a spectroscopic method for measuring values
of B(A) lying within the linear regime (#S10° m™'). In
Fig. 1 it was assumed that 7, = 1 gs. Computer simulations
show that a general feature of the developed ac PC theory is
its refative insensitivity to the minority electron lifetime 7, in
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FIG. 1. ac PC dependence on substrate optical absorption coefficient 3 at
three modulation frequencies; curve 1: 0.1 MHz; curve 2: 1 MHz; curve 3:
10 MHz. Parameters: o, = 10" em/s; 7, = 1 us; 7, = 10 gs; & = 0.2 pmy;
D, =2cm%/s; D=1 cm?/s. (a) Amplitude; (b} phase.
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FIG. 2. ac PC dependence on substrate optical absorption coefficient 8 at
JS= 10 MHz. Parameters as in Fig. 1, except for v, =0 cm/s. (a) Ampli-
tude; (b) phase.
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the p layer: further manipulations of the various curves in
Fig. 1 with 0.1 us <7, <0.1 s showed little sensitivity to 7.
Figure 2 shows the 8 dependence of the ac PC signal in the
limit v, = O cm/s. The high absorption-coefficient side does
not exhibit 2 maximum and saturates, instead, for 82 10°
cm™ ' This is due to the fact that all the incident photons are
expended in creating minority carriers, which are efficiently
collected and contribute to the photocurrent as a result of
zero recombination velocity.

Figure 3 shows the PC signal dependence on modula-
tion frequency for different absorption coefficients in the
high v, limit. An inversion in amplitude of the PC response
in going from the B = 10°cm ™~ " to the £ = 10° cm ! curve
is observed, in agreement with Fig. 1. The flat response at
low frequencies is characteristic of actual device behavior®
and is a result of the fact that the modulation frequency is
low compared to the recombination rate (the inverse life-
time) of the photogenerated carriers.”'® At high frequen-
cies, such that w7, > 1, i.e, /> 1/207, =/, = 1.59 X 10* Hz,
the transparent samples (£ = 1, 10 cm ™' in Fig. 3) exhibit
af "2 decay, as per thediscussion associated with Eq. (41),
part E, upon substituting L, for L. This slope has been
observed experimentally by Munakata er al.,’ after their data
is corrected for plotting the photocurrent, rather than the
photovoltage, reponse. The high-# sample response decay
with foccurs at even higher frequencies, according to condi-
tion (33), part I. The extended flat nature of the high-f
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FIG. 3. ac PC frequency response at various excitation wavelengths corre-
sponding to different optical absorption coefficients: curve I: f=1cm™';
curve 2: 8=10°cm™'; curve 3: 8= 10" em™"; curve 4: =10 cm ™",

Parameters: v, = 10" em/s; 7, =1 us; 7, = 10 ps; d = 0.2 um; D, =2
em?/s; D, = 1 cm’/s. {(a) Amplitude; (b} phase.
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frequency response is also seen in the PC phase, Fig. 3(b):
physically, the response is in-phase with the excitation oscil-
lation up to frequencies such that the minority carrier (elec-
trons in the p side} ac diffusion length, u, (o), Eq. (46) in
part I, becomes comparable to the optical abserption depth
#p in the semiconductor. This frequency regime may be la-
beled electrenically thick, in view of the analogy between the
minority-carrier diffusion wave and the well-known thermal
diffussion wave formalism.!! Opsal and Rosencwaig have
observed similar behavior in treating theoretically the
simpler case of thermal and ambipolar electron-hole plasma
diffusion waves in a uniform semiconductor substrate.”

Figure 4 shows the effect of the minority hole lifetime 7,
on the n side of the junction (see Fig. 1, part ) for a trans-
parent sample. Due to the high sensitivity of the ac PC to the
value of 7,, this parameter may be calculated from experi-
mental data by constructing a log-log plot similar to Fig. 4
and extrapolating the flat (low frequency} and straight de-
cay (high frequency; slope — 1/2) sections of the response
until they intersect at some frequency f,. Then, to a very
good approximation, 7, can be given by

T, = 1/27f_. (1)
Consistently with the simulations of Fig. 1, the shape of
the p-n junction frequency respense is determined by 7,

with no apparent effect of the value of the minority electren
lifetime on the p side. Upon setting 7, = 1077 5, the simula-
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FIG. 4. ac PC frequency response of a transparent semiconductor p-» junc-
tion (8= 10"2cm™") as a function of the mincrity hole lifetime on the
side: curve L: 7, = 107 *s;curve 2: 7, = 107 °s; curve 3: 7, = 107" 5; curve
4:7, = 10" ®s. Parameters: v, = Qcm/s; 7, = 107 %5, d =02 ym; D, =2

cm’/s; D, = 1 em?/s. (a) Amplitude; {(b) phase.
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tions of Fig. 4 were repeated for 107° s »>7,>107 % s. All
generated curves were identical to the relevant curve on Fig.
4. This feature is the result of the overwhelming statistical
importance of the minority hole distribution on the # side
due to its semi-infinite extent (see Fig. 1, part I) in compari-
son with the shallow thickness of the p side. Under these
geometrical conditions

L,=141 pum>»d =0.2 um, (2)
which makes the PC signal independent of r, for frequencies
f<fo=(L2 —d®'\ 2 2mr,d = 11.2 MHz (3)

Further simulations using the optical properties of the

" sample of Fig. 4 and varying the surface recombination ve-

locity showed that the ac PC response is only slightly sensi-
tive to that parameter and only at very high modulation fre-
quencies; for instance, the phase shift between v, =0 and
10" em/s was only ~2° at 10 MHz, while all amplitude and
all phase curves coincided at f<10° Hz. The inherent insensi-
tivity of the ac PC technique to the electron transport param-
eters 7, and v, of the p-n junction irradiated in the transpar-
ent region, render this method very desirable for measuring
7,- It is important to note that Munakata et al. proved the
foregoing remark experimentally® relying on semiempirical
relationships,® without a rigorous theoretical guarantee that
the measured lifetime of minority carriers on the far side of
the junction was a properly accessibie quantity whose value
is not affected by interference from other transport param-
eters of the device.

Figure 5 shows the simulation of the effects of the mi-
nority hole lifetime 7, on a semiconducting sample in the
opagque region with 8= 4 10* cm ', This value was cho-
sen so as to refiect the room temperature optical absorption
coefficient of crystalline Si at the 488-nm excitation wave-
length'? of the cw Ar™ laser used for the experiments report-
ed in this work. The response decay at the high modulation
frequency end is governed by Eq. (60), partl,ie,alnid;|vs
Jf plot of the data in Fig. 5 produces an approximately
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FIG. 5. PC amplitude frequency response of 2 Si p-n junction irradiated at
488 nm (F=4x 10" em ') as a function of the mincrity bole lifetime on
the zside: curve 1 7, = 10 sy curve 2: 7, = 10 Os;curve 3: 7, = 1077 5;
curve 4: 7, = 107" 5. Parameters: v, = 10" em/s; 7, = 1 us; d = 0.2 umy
D, =2em’/s; B, = 1 cm’/s.
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straight lice with slope given by
S= — (z/D,)"d. (4)

Figure 5 is indicative of the sensitivity of the ac PC technigue
to the 7, value. Although not so straightforward a 7, calcu-
lation as that obtained with data in the transparent region
(see Fig. 4), a strong correlation exists between the value of
7, and the turning frequency /£, of the curves in Fig. 5; an
evaluation of f. from the plot was found to yield 7, values
through Eq. (1), within a factor of 2 from the true value. A
higher degree of accuracy requires fitting of Eq. {29), part I
to the data.

A change in the v, value in the opaque limit induces
significant changes to the frequency response curves, how-
ever, these are essentially rigid translations along the log|/g
axis (see Fig. 6); changing v, from 10! tc 0 cm/s in Fig. §
increases all signals by a factor of 1.5. Such an increase is
expected with decreasing surface recombination velocity
and is an indication of efficient current production from
photogenerated minority carriers reaching the outer surface
of the device. The fact that, under irradiation with highly
absorbed photons, the p-n junction is more sensitive to the
value of v, than in the transparent case is a manifestation of
the much decreased optical penetration depth, accompanied
by the statistically increased importance of the surface as a
recombination site. Therefore, it can be expected that v, in-
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FIG. 6. ac PC frequency-response dependence on », under optical excita-
tion with strongly absorbed photons in Si (8= 4X 10" em™'): curve I:
v, = 10* cm/s; curve 2: o, = 10° cm/s; curve 3: v, = 10" cm/s; and
v, = 10" cm/s. Parameters: 7, = 1077 s; 7, == | us; d = 0.2 gom; B, = 2
cm’/s; D, =1 cm?/s. (a) Amplitude; (b) phase.
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formation may be obtained from ac PC experiments in the
opaque regime and not? from experiments in the transparent
regime.

The v, effect on the PC phase [Fig. 6(b}] is much less
pronounced than the effect on amaplitude. This can be under-
stood (i) from the nature of surface recombination as a
mechanism depleting the absolute number of carriers avail-
able for conduction in the external circuit, and {ii) recalling
the fact that the PC amplitude is proportional to that num-
ber, whereas the PC phase is a ratio of two amplitudelike
quantities {(in-phase and guadrature components). As such,
the strong dependence on number of carriers essentially can-
cels out from numerator and denominator of the phase chan-
nels {see Eq. (30), part I].

The effect of 7, enters the PC generation mechanism via
the relationship between L, and d, as shown in inequalities
(2) and (3). Since those relations are not dependent on the
value of 5, no change is expected in the degree of signal
insensitivity to 7, under illumination corresponding to high
values of B. This expectation was borne out with simulations
of curves in Fig. 5 using 107 %s <7,<0.1s.

An interesting combination of the effects of varying the
junction depth & and the surface recombination velocity on
the PC amplitude is further shown in Fig. 7. Under high
surface recombination conditions, Fig. 7(a}, increasing the
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FIG. 7. PC amplitude frequency response of a Si p-» junction irradiated as
in Fig. 5. (a) v, = 10" cm/s; curve I: d = 0.2 um; curve 2: d = 0.4 um;
curve 3: d = 0.7 um; curve 4: & = 1 pem; (b) v, = O cm/s; curve 1:d =04
pm; curve 2: d = 0.7 pm; curve 3: 4 = 1 g curve 4: d = 1.5 um. Param-
eters: B=4X10%m™% 7r,=10"%s; 7, =1us; D, =2cm/s; D, =1
cm?/s.
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junction depth decreases substantially the PC. A larger frac-
tion of the photocarriers is surface depleted as & becomes
comparable to the minority electron diffusion length L., and
relation (2) no longer holds. With increasing values of d, the
effects of 7, on the far side of the junction become less impor-
tant in determining the shape of the frequency response
curve, since optical penetration to the junction depth is in-
hibited. As a result, the downward curvature observed in
Fig. 7(a) d = 0.2 um curve, is gradually eliminated from the
plotted frequency range when d=1 gm. Under zero surface
recombination conditions, Fig. 7(b), increasing the junction
depth has only a small effect on the PC amplitude, since all
the photogenerated minority carriers that diffuse to the out-
er surface get coliected efficiently there. The 7, effect in Fig.
7(b) becomes less important with increasing d, which de-
creases the downward curvature of the d = 0.7 gm curve
compared to that of the d = 0.4 um curve. Further increase
in d renders 7, a limiting parameter as the /, in inequality
(3) decreases. The result is the emergence of new downward
trends for the d =1 and 1.5 pum curves, with substantial
decay of the latter at f= 10 MHz. For these curves f, (d = 1
pm) =22 MHz and f, (d = 1.5 gm) = 1.5 MHz, clearly
accessible within the 1-10-MHz modulation frequency
range of Fig. 7(b) in which relation (3) does not hold. Un-
der similar conditions, the effects of varying =, are not evi-
dent in Fig. 7(a), because the PC signal level decrease due to
surface recombination overwhelms the relatively small de-
crease resulting from the invalidation of condition (3) in the
d =1 um curve.

til. ac p-n JUNCTION PHOTOTHERMAL REFLECTANCE
SIMULATIONS

Unilike the ac PC technique, the ac PTR response is
characterized by the thermal diffusion length y, {@), in ad-
dition to all the characteristic lengths of the former method.
As a result, when Egs. (B6)-(B9), in Appendix B, part [,
are plotted as a function of modulation frequency, a PTR
amplitude decrease, characteristic of the cne-dimensional
{(1D) nature of the problem, is cberved immediately upon
departure from the dc level. This situation is illustrated for
various values of the optical absorption coefficient in Fig. 8,
which is to be compared with the PC signals of Fig. 3. The
thermal diffusivity value for crystalline Si was used in Fig. 8
and all subsequent numerical simulations. The low-frequen-
¢y range is thermal diffusion length-dominated and the PTR
signal decreases as f ~ /%, as predicted by Eq. (88), part L, for
the optically opaque limit. Figure 8 indicates that PTR
curves corresponding to all the considered spectral values
exhibit essentially the same frequency behavior at low f. The
steeper decay of the low-3 curves observed at very low fre-
quencies with an apparent “break” at ~ 10 Hz is due to the
fact that, with increasing f, the thermal contribution to the
PTR signal decreases rapidly, whereas the density of photo-
generated carriers remains unchanged. Thus, the PTR sig-
nal is dominated by the photocarrier contribution at f> 10
Hz. The low-3 phase curves in Fig. 8(b) alsc exhibit the
thermal-to-electronic transition, with the thermal effects
persisting up to ~ 1 kHz. The high-f curves do not show the
low-frequency “break,” as in this case the efficient optical
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FIG. 8. PTR frequency response at various excitation wavelengths corre-

sponding to different optical absorption coefficients: curve 1: f= 1077
cm hourve = lem  Leurve: S = 10%cm ™ curve 4 f = 10°em L
Paramsters: v, = 10" em/s; 7, = Lus; 7, = 10 s d = 0.2 pm; B, =2

em’/s; B, = 1 cm®/s; @ = 1 em*/s. (2) Amplitude; (b) phase.

absorption results in high density of photogenerated carri-
ers, which dominates over any purely thermal effects. As a
consequence, the high-F PTR frequency response assumes
the intermediate frequency slope immediately upon depar-
ture from the dc level. Kino ef al.'® have observed similar
tradeoffs between thermal and electronic contributions in
the frequency response of photoacoustic signals from sermi-
conductors generated using a thermal acoustic apparatus.
For the § = 10° em ™' curve the low-frequency phase satu-
ration occurs at — 7/4, Fig. 8(b), as predicted in Eq. (88),
part I. The amplitude trend reversal of the PTR signal for
A =10 cm ™! (and higher 8’s), is due to the high v, as-
sumed for this simulation and may be explained using the
same argument as that for the reversals observed in Figs. 1
and 3. A very important difference between Figs. 3 and 8 lies
with the position (on the frequency axis) of the “knee” se-
parating the intermediate- and high-frequency regions. The
PTR plot exhibits the “knee” at a frequency f=0.1 MHz,
i.e., one order of magnitude higher than similar curves in
Fig. 3. The reason for this difference is the reversal of the
roles of 7, and 7, in contributing sensitively to the probing
method: PTR detection being a front surface thermal tech-
nique, which weighs the minority nonradiative recombina-
tion-induced signals in an exponentially damped profile
from the front surface, it is much more sensitive to near-the-
surface recombination rates, governed by 7,,, than those at
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the far side of the junction, governed by 7,. Therefore, the
“knee” in Fig. & occurs at a frequency such that

Ffo= 1207, = 1.539X10° Hz

This is one order of magnitude higher than the respective
“knee” in Fig. 3, reflecting the difference in the assumed
values for 7, and 7,. To further substantiate this crucial re-
versal of roles of minority lifetimes between the two tech-
niques under consideration, Fig. 9 shows the PTR frequency
response of a transparent 8i p-» junction with 7, as a param-
eter. The “knees” correspond to the condition 27f,7, =~ 1,
and the signal amplitude decreases with decreasing 7, as
expected from an electron density dominated mechanism.
Atr, = 1 us, the free photogenerated minority electron den-
sity is so low, that the purely thermal contribution domi-
nates at low frequencies and the *“break” at ~ 10 Hz reap-
pears, as discussed in the context of Fig. 8. The signal phase
of the 7, = I us curve, Fig. 9(b), also departs substantially
from the electronic contribution dominated baseline owing
to purely thermal-wave effects.

Figure 10 shows the effects of varying 7, on the trans-
parent region PTR signal. As the incident radiation pene-
trates deep into the body of the device, much deeper than the
junction depth &, the actual value of 7, does have some effect
of the PTR signal at low frequencies; it is only in this fre-
quency range that thermal communication to the surface
from the bulk may be effected, since u, (@) is larger than, or
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FIG. 9. PTR frequency response of a transparent Si p-# junction {3 == 1072
cm ™'} as a function of the minority electren lifetime on the p side: curve 1:
7, =107 s;curve2: 7, = 107 *s; curve 3: 7, = 10 s;curved: 7, = 107°
s. Parameters: v, = 10" em/s; 7, = 107" 5; d:=0.2 pm; @ == 1 om’/s;
D, =2cem’/s; D, =1 cm’/s. (a) Amplitude; (b) phase.
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FIG. 10. PTR frequency response at & transparent Si sample of Fig. 9as a
function of the minority hole lifetime on the » side: curve 1: 7, = 107 * 5
curve2: 7, = 107 s curve 3i 7, == 107 sy curve ds 7, = 107 %57, = T s
for all curves. {a) Amplitude; (b} phase.

comparable to, 4 and u, (w). The high-frequency “knee” is
solely determined by the 7, value, and the PTR amplitude
for all curves with 7, 107" s is practically identical. The
phase exhibits somewhat better 7, resolution than the ampli-
tude, however, it becomes degenerate for a¥ values of
7, <107 s
Figure 11 is the high-f counterpart of Fig. 9. In this
case, the condition L, > u,; holds for all curves. As a result,
the electronic contribution to the photothermal signal is the
same, as long as y; (0) >d, and all curves follow the £~ /2
dependence, as predicted by Eq. (88), part I. At frequencies
stch that @.7,~1 the slope increases to approximately
f 3% Gependence and *knees” appear from which the value
of 7, may be calculated from experimental curves. The phase
data also exhibit appropriate shifts from the -- 7/4 baseline
[Eq. (88), part F] [see Fig. 11(b)], corresponding to re-
combination delay times. At very high frequencies, such that
w.7, > 1, Egs. (96) and (97), part I, indicate that the PTR
signal levels become independent of =, due to the term pro-
portional to L2 /7,. Therefore, ali amplitude curves con-
verge to the same line af @ different level from the low-fre-
quency limit [see Fig. 11{a) ], whereas all phase curves tend
to return to the low-frequency baseline at — 7/4. Physical-
Iy, at /% f, there is little thermal energy released to the solid
as a result of carrier recombination and thus the PTR signal
is solely due to direct lattice heating, with a fraction of the
optical energy stored at the excited free electronic gas. For
the same substrate material, ali different 7, curves converge
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FIG. 11. PTR frequency response at an opague Si p-x junction (¥ = 10°
cm ') as a function of the minority electron lifetime on the p side: curve 1:
7, = 107 s; curve 2: 7, == 107 % s curve 3i 7, = 10 Sy curvedir, == 107°
s. Parameters: v, = 10" em/s; 7, =10 7 55 d =02 pm; @ =1 cm’/;

D, =2cm?/s; D, — 1 em’/s. (a) Amplitude; (b) phase,

to the same heating level, with the same fraction of the total
energy stored in the electronic system, whose photoexcited
carrier density remains constant at constant .

In the opague limit, little light can effectively penetrate
beyond the junction depth, which renders the density of pho-
toexcited minority holes on the n side quite low, and the
contribution to the PTR signal from their recombination
insignificant. As a result, complete insensitivity of the PTR
signal, amplitude and phase, to the actual value of T, Over
several orders of magnitude (1 us <7,<0.1 s} has been ob-
served numerically for the curves of Fig. 11.

The PTR signal dependence on the surface recombina-
tion velocity is shown in Fig. 12 {opaque limit) and may be
understood in the light of the PC simulations for a similar
sample presented in Fig. 6. As v, increases, the avzilable
photoexcited electronic density decreases substantially, as
shown in Fig. 6. As a further consequence, the PTR signal,
which is mainly due tc nonradiative minority electron re-
combination on the p side, also decreases accordingly.
Greater increases in v, produce further decreases in the PC
signal, however, a greater fraction of the incident energy
appears synchronously at the surface as heat due to the en-
hanced nonradiative surface recombination. This thermal
increase tends o counterbalance the signal loss due to lower
free photoexcited densities. Under strong surface recombi-
nation conditions, the thermal increase due to this mecha-
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FIG. 12. PTR frequency response dependence on v, under optically opague
conditions in 8i (F=1xX10* cm™"): curve 1: v, = 10% em/s; curve 2:
v, = UF em/s; curve 3: v, == 10° em/s; curve 4: v, = 10" cm/s. Parameters:
= W ohsr, o lus d=02pum;a=1cem’/s D, =2cem’/s; B, =1
em?/s. (2) Anplitude; (b) phase.

nism predominates and a PTR signal level reversal is ob-
served (v, = 10°-10" cm/s, and partiaily the v, = 10°-cm/s
curve). These signals become independent of v, at v,>10°
cm/s, as all sarface carriers recombine efficiently nonradia-
tively. At the same time the complementary fraction of pho-
togenerated carriers that contributes to the external current
remains constant, leading to PC signals independent of v, as
shown in Fig. 6, 10°-10"" cm/s curves. The PTR response
corresponding to v, = 10° cm/s, Fig. 12, shows the effects of
the surface thermal increase/free photocarrier density de-
crease tradeoff: at low frequencies the device bulk contrib-
utes substantially to the PTR signal, which is thus dominat-
ed by the photoexcited density of minority carriers
recombining in the bulk. At high frequencies, the surface
heating due to carriers recombining at the surface dominates
and the PTR signal exhibits an enhancement with respect to
the bulk-contributed value. The PTR phase, Fig. 12(b), also
shows a tendency io follow the bulk-controlled, low-u,
curves at low frequencies, however, it follows the surface-
controlled, high-v, curves at /2 10* Hz. It is important to
notice that the deviation from the low-freguency, straight-
tine behavior of the PTR amplitudes of Fig. 12(a) occurs at
the same f, that is controlled by 7, Bg. (4}). Therefore, 7,
information may be accurately extracted from data plots
such as that of Fig. 12{a) irrespective of the state of the
device surface and the actual value of v,.

Mandelis, Ward, and Les 5580



) LEGEND
A M: MIRROR
L: LENS
Ar 10
LASER EXPANDER
!
POLARIZING Ry, M4
BEAM SPLITTER T
f
L1 } AMEPLATE | ] i FIG. 13. Schematic diagram of PTR and
PC instrumentation. The entire assem-
¢ - bly rests on an antivibrational optical ta-
: / e N S M5 ble.
-:- uuuuuuuu

R o ey e e ow o

He-Ne DICHROIC

L2 ==

MIRROR 3
A/C EXPANDER ]
MODULATOR e
o <> L3
f1OKNIFE iy
ﬁ: EDGE !
N S
M1 XU T M2

MICROSCOPE
OBJECTIVE

SAMPLE
HOLDER

PHOTO-DETECTOR

Y. EXPERIMENT AND DISCUSSION

The experimental apparatus used in our preliminary ex-
periments has been described elsewhere® and was similar to
the instrument utifized by Opsal ef al.** An outline is shown
in Fig. 13. The 488-nim beam from the pump Ar™ laser with
a 20-mW output power was focused to ~ 6 gm on the sample
surface. A probe 4-mW He-Ne laser was used (632.8 nm)
for the PTR measurements. The two laser beams were fo-
cused collinearly on the sample to provide 2 maximum ther-
moreflectance signal, as measured by a lock-in analyzer. All
output signals were normalized by the frequency response of
the combined detection electronics, which included the lock-
in analyzer and the bicell photodetector.

A Si p*/n sclar cell, 130 pum thick, manufactured by
Arco Solar was used as a sample. The junction depth d was
nominally 0.1 um, and an antireflection coating had been
applied on the surface by the manufacturer. Ohmic leads
were soldered onto the front and back of the cell for ac PC
measerements. The leads were then connected across a 100-
§} resistor and the photocurrent was proportional to the vol-
tage drop across the resistor following illumination of the
cell. The ac voltage lead was connected to a lock-in amplifier
input, while a second lock-in was used for simultanecus PTR
measurements.

The solar cell was illuminated at 488 nm, so that 3 (488
nm) =4 X% 10* cm ™! at room temperature.'? This value of §
was used for all data analysis. At high frequencies, the ac PC
signal should behave according to Eq. (54), part I:

|JG<ﬁ|:CIECXP(‘—S‘v]7)/f}, (53
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forv, - 0. In Ba. (5) €, is afrequency-independent constant
and S is the high-frequency slope given by Eq. {4). On the
other hand, high v, values are expected to yield a high-fre-
quency signal according to Eq. (60}, part I:

Vo (] = Clexp( —SVNHAST, (6)
for v, — oc. Equations (5) and (6) show that the goodness of
fit of the experimental data in the form In[ £|J5{(A]] or
nfVFJg(A1] vs Jf is a strong indicator of the range of
vaiues v, appropriate for the device under consideration.
Both cases were tried with the high-frequency PC amplitude
response of our solar cell and a much better fit was obtained
with Eq. (6) than with Eg. {5). The results are shown in Fig,

0.8

Pﬂ; s

3 ;

2 a1

g

% :

g :

é 344

A 4g , ‘ :

0 00 600 900 1200

fi/2 (HZLW')

FIG. 14. High-frequency data fit to Eq. (6). High-frequency slope
= — 1772Xx 1072
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FIG. 15. Experimental data (dots} and theoretical PC frequency response
of a 8i solar cell. (a) Amplitude; {b) phase. Optimum 7, = 30 us.

14. The high-frequency slope § gave the minority electron
diffusion coefficient value D, = 1 X107? cm®/s. This low
value is consistent with high surface recombinaticn veloc-
ities'* (possibly from high surface and near-surface defect
densities ), and was also used for D, in the generation of the
theoreticai device frequency response. Figure 15 shows ac
PC amplitude and phase data from the solar cell, as well as
theoretical fits to the data using Egs. (29} and (30}, part I,
with the arbitrary value v, = 1 X 10" cm/s to approximate
the v, — oc condition suggested by the fit of Fig. 14. The
agreement between experimental data and the theoretical
fits for both amplitude and phase in Fig. 15 was found to be
optimal using 7, = 30 us. This value is within a factor of 2
from the 40-us rough value determined directly from ex-
trapolations of the low- and high-frequency segments until
they intersect, as discussed in conjunction with Fig. 4 earlier.
This empirical procedure is approximately valid under 488-
nm irracdiation, since 84 = 0.4, i.e., the solar cell optically
lies intermediately between the transparent and opague re-
gions to a depth equal to d. The estimated 7, value is in good
agreement with typical values for Si solar ceils.® The same
value was used as 7, in the fit of Fig. 15 as a preliminary
estimate; it should be recalled that the PC signal was found
to be insensitive to the actual 7, value for the configuration
of Fig. 1, part E. This value was updated following the analy-
sis of the PTR data.

PTR measurements on the Si solar cell at a2 constant
Ar™ laser beam irradiance modulation frequency exhibited
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a slow decay of the amplitude over time: within a 20-min
time span, the original signal amplitude tended to decay by
~50%:; the phase was somewhat less sensitive to temporal
shifts. Many attempts were made to stabilize the signal, in-
cluding long waiting periods for attainment of steady state.
Unfortunately, it was observed that the rate of decay would
diminish as a function of time, however, the signal never
reached a steady state. Rosencwaig,” and Opsal and Rosenc-
waig'® discussed similar phenomena observed in PTR ex-
periments with Si substrate wafers. These investigators at-
tributed the temporal dependence of the signal to diffusive
removal of trapped carriers from surface defect states upon
illumination,’® a form of electronic laser annealing effect on
the AR /R,signal.’® The highv, value suggested by the ac PC
portion of the present experiments is aiso consistent with a
substantial density of carriers interacting with surface elec-
tronic defects. Rosencwaig er al.'® observed temporal de-
pendence of the signal phase as well. In the present experi-
ments, it is likely that wafer processing for solar cell
fabrication may have caused surface damage that was not
entirely annealed upon completion of the manufacturing cy-
cle. The observed diminishing signal decay rate as a function
of exposure to the pump beam is certainly indicative of irre-
versible repair process(es) in which defect associated nonra-
diative contributions decrease in time. No macroscopic ma-
terial damage by the 20-mW laser beam could be identified
under magnification, which supported the viewpoint that
optical interactions at the electronic level were occurring.
The temporal behavior was essentially reproducible at dif-
ferent {up to 20} spots on the solar cell.

In view of the above observations, no attempt was made
to fit the PTR signal with theoretical frequency response
curves, however, a definite monotonic decrease with increas-
ing frequency «f %**°%! was noticed, in semiguantitative
agreement with the PTR theory of part . Figure 16 shows
the experimental PTR amplitude frequency response in the
10 kHz—-1 MHz range. The data were taken after long expo-
sure of the cell to the exciting laser beam, so that the siow
temporal decay was minimal throughout the experiment.
Low-frequency data was uninteresting and undesirable from
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FIG. 16. Experimental PTR amplitude data of Si solar cell. Measured
7, =0.73 us; closed circles signify dats obtained with a low-frequency band-
width EG&G 5204 lock-in; open triangles are data obtained with a high-
frquency bandwidth EG&G 5202 lock-in.
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the point of view of this experiment, as they did not yield
useful parameter information. Furthermore, the accuracy of
the entire frequency response curve would suffer consider-
ably if low f data were included, as the data acquisition time
became comparable, or large, compared to the slow signal
decay time. The combination of a low-frequency (EG&G
5204) and a high-frequency (EG&G 5202} lock-in analyzer
was required to record the data of Fig. 16. In the theoretical
context of Fig. 11, the “knee” in the frequency response of
Fig. 16 occurs at f, =2.2X 10° Hz. This corresponds 0 a
minority lifetime 7, = 0.73 us, in good agreement with typi-
cal lifetime values in the diffused thin p* layer of commeri-
cal Si solar cells. This calculation, along with the PC-derived
D, value, gave L, = 0.85 um, z reasonable value® for the
diffused layer. The — 0.4+ 0.1 slope of the below the
“knee” regime is strongly indicative of photothermal wave
behavior, in agreement with the “ideal” — 0.5 slope of Figs.
9and 11.

¥. CONCLUSIONS

In this work the salient features and diagnostic capabili-
ties of the combination of ac PC and PTR techniques with
respect to p-n junction device characteristics have been stud-
ied in the light of a coupled model developed in part I. An
important task of the study was to ascertain the uniqueness
and complementarity of each ac technique. It was found
through computer simulations that the PC signal is sensitive
to the bulk minority-carrier lifetime (7,), whereas the PTR
signal is sensitive to the diffused (or implanted) thin surface
iayer minoriiy-carrier lifetime (7, ). Furthermore, the PC
method proved capable of measuring the D, value from the
high-frequency slope, and of providing a strong indication as
to the possible range of surface recombination velocity val-
ues. The PTR signal, especially the phase, showed improved
sensitivity to the actual value of v, and may potentially be
used to measure this parameter. The combination of both
techniques was thus able to give the L, value from: the mea-
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surements of 2, and 7, valuesin a preliminary experimental
configuration using a commercial p*/r solar cell. The 7,
and 7, values obtained from PC and PTR frequency re-
sponse “knees” were found to be in good agreement with

literature values for these parameters.
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