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ABSTRACT

Based on the experimental and theoretical signals of an open photoacoustic cell operating with modulation frequencies from 20 Hz to
20 kHz, a significant contribution of photogenerated excess carriers on the thermal and thermoelastic responses of an n-type silicon plate is
observed for the very first time. This is achieved by comparing the measured amplitude and phase of the photoacoustic signal with their
corresponding theoretical thermoelastic counterparts, for high enough modulation frequencies mainly. It is shown that the amplitude of the
thermoelastic component of plasma-thin samples varies about two orders of magnitude with respect to the corresponding one of
plasma-thick samples. Furthermore, we find a maximal temperature difference AT = — 35 nK between the illuminated and non-illuminated
sample surfaces, which shows that thin silicon plates with excess carriers could be used as heat sinks.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015657

I. INTRODUCTION

As is well-known, the light-matter interaction in semiconduc-
tors leads to light absorption followed by a non-radiative excitation
state resulting in the sample temperature rise.' If the energy of a
photon is equal to or greater than the bandgap of the illuminated
material, the photon excites an electron into the conduction band
and generates an electron-hole pair.”’ These pairs are called photo-
generated or excess carriers, their density takes its highest value at
the illuminated surface, where the majority of light is absorbed,””
and, therefore, they induce various effects in semiconductors.*™®

Photogenerated excess carriers can change the heat transport
dynamics and temperature profiles inside semiconductors.””"” In
photoacoustics (PA), for instance, some theoretical studies showed
that the number of photogenerated excess carriers generated in
both n- and p-type semiconductors illuminated with a modulated

light source increases with the light absorption, and they are able to
significantly change the temperature distribution at the surface and
inside the materials.'*® The experimental observation of these
effects still remains a challenge due to the separate analysis of
either the amplitude or phase of the PA signal in a relatively short
range of modulation frequencies.'”>* The simultaneous monitor-
ing of both of these signals in a wide interval of modulation fre-
quencies is thus desirable to observe the effects of photogenerated
€xcess carriers.

In our recent theoretical studies of n-type silicon circular
plates,””*” we noticed that the impact of photogenerated excess car-
riers on their PA response depends mostly on the semiconductor
surface quality determined by the surface recombination speed s,
the sample thickness /, and the carrier diffusion length L, = /D1,
with D, being the diffusion coefficient of the minority carriers with
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lifetime 7. Favorable conditions for the observation of this impact
were found when the illuminated sample surface is passivated
(s; — 0), while the non-illuminated one remains active (s, > 0).”>
In this latter case, the PA response of plasma-thin semiconductors
(I/L, < 1) was found to be completely different than that of
plasma-thick ones (I/L, > 1).”" More importantly, the modulated
temperature component T(I) at the non-illuminated back surface
of a plasma-thin sample can be higher than the corresponding one
T(0) at its illuminated front surface, within a wide range of modu-
lation frequencies.”’ In other words, the excess carriers of plasma-
thin samples can be used to remove the absorbed light energy from
the illuminated surface and transfer it to the non-illuminated one,
and, therefore, these materials could become efficient heat sinks.
On the other hand, taking into account that the amplitude of the
thermoelastic (TE) component of the PA signal of plasma-thin
samples is significantly attenuated at low modulation frequencies
(f<1kHz) and exhibits a typical peak-like shape at high ones
(f> 1kHz),”>* the bending of these materials can show up at high
modulation frequencies, mainly.

In the present work, the theoretical observations reported in
our previous articles”* for the influence of the excess carrier are
experimentally studied by means of an open-cell PA experimental
setup operating in the transmission configuration.”'>’ The
amplitude and phase of the PA response of n-type silicon plates
of different thicknesses are measured for modulation frequencies
ranging from 20 Hz to 20 kHz and their values are found to be in
good agreement with theoretical predictions. For plasma-thin
samples, the expected amplitude attenuation of the TE signal is
observed along with the dominant thermal diffusion (TD) com-
ponent of the total PA signal. Based on the analysis of the PA
signals at the illuminated and non-illuminated sample surfaces,
the fingerprints of the excess carriers on the PA response are
confirmed.

Il. EXPERIMENTAL SETUP

The measurements were carried out with an open-cell experi-
mental setup”**® using three Si circular plates of radius R, =4 mm
and thicknesses I, =150 um, I, =85um, and 3 =30um; as samples
mounted directly on top of a microphone. All plates were prepared
from the same non-degenerated n-type Si wafer (3-5  cm, (100) ori-
ented) having the electron concentration of ny = 9 x 10 m~3.*’
The samples thus obtained were excited with a laser diode emitting
light at 656nm with an intensity of Iy=10 W/m> and photon
energy € greater than the Si bandgap &,. The absorption coefficient
of our Si samples at the diode wavelength is 8 = 2.58 x 10° m~L.
The laser beam intensity was modulated with a homemade current
modulator in the frequency range of 20 Hz-20kHz, which was
monitored by a BPW34 photodiode of high speed and accurate
radiant sensitivity. The irradiated plate surface was polished, while
the back was etched. Data acquisition was performed by using an
Intel 828011Ib/ir/ih hd PC audio controller, and the amplitude and
phase of the PA signal detected by a Jin In Electronics Co. model
ECM30 electret microphone were extracted by means of a software
emulating a lock-in amplifier.

A schematic diagram illustrating the main components of
our open-cell PA experimental setup is depicted in Fig. 1. The
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FIG. 1. Scheme of the open photoacoustics cell used in our experiments under
the transmission configuration.

transmission configuration was adopted to assure 1D heat
conduction along the uniformly irradiated plate, which allows
using simple theoretical models to interpret the obtained experi-
mental data. Taking into account that frequency response of
the microphone and accompanying electronics has bandpass
(electronic filter) characteristics that depend on the design, manu-
facturing, and diaphragm properties, we applied a standard signal
correction procedure””>* to obtain undistorted signals accurately
representing the physical characteristics of the considered
samples.

lll. SIGNAL CORRECTION PROCEDURE

The measured open-cell PA response Sey,(f) can be repre-
sented in the following form:*’

Sexp(f) = Aexp()explipey, ()], 1)

where Aexp(f) and @, (f) are its respective amplitude and phase, i
is the complex unit, and f is the modulation frequency. In an ideal
case, Sexp(f) is equal to the “true” PA signal dpiora(f) generated by
the investigated sample. Unfortunately, noise and signal distortion
often mask Spiorar(f), so their analysis is an unavoidable task in
accurate and precise PA measurements.””>*"

Main types of noise in PA measurements are flicker noise
Nen(f) and coherent signal deviations Nesp(f). Flicker noise is typ-
ically generated by the random and nonreducible microphone
noise. Coherent signal deviations, on the other hand, represent
unwanted coherent disturbances originated by the LED current
modulation system and they can, fortunately, be avoided or sub-
tracted. The main types of PA signal distortions are originated by
the filtering of instruments used in measurements, usually micro-
phone and PC sound card (lock-in emulator). At relatively low
modulation frequencies, electronic filtering dominates as a main
source of distortion due to the instrumental RC characteristics.
These filtering effects can be accounted for using a first-order high-
pass filter described by a cascade system transfer function, which
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. 27,28
can be written as follows:*”**

_ff
h +if) (h+if)’

H,(f) = (2

where f; and f, are the characteristic frequencies of the microphone
and sound-card, respectively. At relatively high frequencies, on the
other hand, acoustic filtering becomes the main source of distor-
tion. Usually, one or two peaks emerge due to the acoustic
resonances closely connected to the microphone geometry and
microphone membrane features. Taking into account that the
transfer functions of physically different systems can be identical,
the acoustic properties of the microphone can be represented by
the following series of second-order low-pass filters:**

I
f+h6sif =2 fi + fdaif — [

Hu(f) = (3)

where f; and f; are the characteristic frequencies of the first and
second peaks of the microphone, while §; and &, are their corre-
sponding dumping factors.

Taking into account the main types of noise and signal distor-
tions, it is clear that the correction of S (f) is needed to obtain
Oprotal(f). If we measure and subtract Ncsp(f), assuming that
Nen(f) is negligible, the values of Sey,(f) can be fitted with Sgi(f)

27,28

Sau(f) = SP(f) - H(f), 4

where H(f) = H.(f) - Hy(f) is the instrumental disturbance and
O6P(f) is the assumed undistorted signal (SP(f) = piotal(f)). In
general, the frequency dependence of 6P(f) can be modeled as the
power law 6P(f) ~ f", where n is a given exponent equal to n, for
the amplitude and n, for the phase. These latter two parameters
can be found by linearizing the expressions forAey,(f) and ey, (f)
in Eq. (1).

To find the sample properties, one has to fit §P(f) to the
Opotal(f) function determined by the well-known composite piston
theoretical model, which, for semiconductors as the n-type Si
considered in this work, establishes that'*"*"~*’

Sprotal(f) = Spro(f) + opre(f) + Sppe(f), (5)

where

D,
spro(f) = Ve 1 ) ®)

ZCT() \/ 27tlf

1
3nR* 1
Spre(f) = ap L2 j <x - 5) Ty(x)dx, @)
0

Vo B
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and

1
3nR? I
opee(f) = d, P | (x - 5) Sy (), ®)
0
0

&)

are the thermal-diffusion Sprp(f), thermoelastic dprg(f), and plas-
maelastic ppg(f) components of the PA signal. Here, y is an adia-
batic ratio, V; is the photoacoustic cell volume, p, is the ambient
pressure, Ts(x) is the dynamic component of the temperature distri-
bution across the sample thickness due to its periodical heating
(see the Appendix), T(I) is the dynamic temperature component at
the back sample surface, and &n,(x) is the dynamic component of
the photogenerated minority carrier density across the sample.
According to Eqs. (5)-(8), the adjustment of 6P(f) to Sporal(f) can
lead to the determination of the sample properties, such as the
thermal diffusivity Dy, the excess carrier bulk lifetime 1, the coeffi-
cient of thermal expansion ay; the surface recombination speeds at
illuminated (s;) and nonilluminated (s,) surfaces, the coefficient of
electronic deformation d,, the diffusion coefficient of minority
carriers Dp, etc.

IV. RESULTS AND DISCUSSION

The measured values of Ae(f)and @ (f) are shown in
Figs. 2(a)-2(f) for three samples with thicknesses I}, I, and ;5. In
general, Se,(f) (black asterisks) accounts for the combination of
the undistorted PA signal [OPiy(f)] of the sample (red line)
and the instrumental disturbances represented by H(f) (black
arrows).”””" Note that the amplitude curves exhibit pretty much
the same shape for all thicknesses and modulation frequencies,
while the phases do differentiate among them at high enough fre-
quencies. Thinner samples exhibit a higher peak on the phase.

According to Fig. 2 and our experience, H(f) is the main
cause of the Opiorl(f) distortions. The filtering influences of both
H,(f) and H,(f) on the amplitude and phase of Scy,(f) are indicated
in Figs. 2(a)-2(f) with black arrows.

The In Sexp (f) values (Fig. 2—asterisk) are linearized with S (f)
(Fig. 2—blue dashed line) for all thicknesses to ny = —1.5, for
amplitudes A(f), andn, = —0.5, for phases ¢(f). Simultaneously,
deviation parameters are calculated with H,(f) and H,(f) and are pre-
sented in Table 1.

Rectifying Sq(f) by removing all detected H,(f) and H,(f) dis-
tortions, an undistorted signal 6P(f) is obtained (Fig. 2—red line)
as an accurate representation of the “true” dpiowi(f) signal, whose
amplitude and phase generated by the investigated Si circular plates
are analyzed.

Adjusting dpiorai(f) to SP(f) by using a composite piston theo-
retical model [Egs. (5)-(8)] leads to the sample parameter evalua-
tion presented in Table I1.*° They are the same for all three
samples, due to the fact that they are made up of the same wafer.””

Based on these results, it is interesting to notice that the calcu-
lated  value of excess carrier diffusion length s
L, = /Dyt ~ 85 um. It means that the Si sample thickn)e"ss of I
=85 um, used previously as the randomly chosen sample,”’ can be
considered here as the boundary thickness between plasma-thick
(I; = 150 um) and plasma-thin (I; =30 um) samples.23
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TABLE Il Parameters of silicon samples.”
TABLE I. Measuring system characteristic parameters. Parameter Value
Thermal diffusivity, D (m?s™h) (9.0+0.1)x10~°
P t Val 2T
arameter had Excess carrier bulk lifetime, 1 (s) (6.0+0.2)x107°
Microphone characteristic 25+1 Coefficient of thermal expansion, (2.6 £0.2)x107°
frequency, f; (Hz) apr(K™h
PC sound card 15+1 Surface recombination speed at (26+0.2)
characteristic frequency, f, (Hz) illuminated front, s; (ms™')
Microphone characteristic, first peak frequency, 9.4+0.1 Surface recombination speed at (24+3)
f5 (kHz) non-illuminated back, s, (ms™)
microphone characteristic 14.7 £0.2 Diffusion coefficient of minority (12+0.1)x107?
Second peak (cut-off) frequency, f, (kHz) carriers, Dp(m2 s7h
First peak damping factor, d; 0.60 +£0.05 Coefficient of electronic deformation, ~ (=9.0 +0.2)x10™>'
Second peak damping factor, J, 0.08 £0.01 d, (m®)
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Now the (a) amplitudes A(f) and (b) phases ¢(f) and all of
its  8prp(f), dpre(f), and ppr(f) components are defined
[Egs. (5)-(8)] and depicted in Figs. 3(a)-3(f).

Analyzing Figs. 3(a)-3(f), one can conclude that typical pat-
terns of PA response curves (amplitudes and phases) exist, which
can be used to recognize the sample thickness. The Sporar(f) ampli-
tude curves look almost the same for all thicknesses, so the analysis
of PA components must be taken into the count. In the case of
plasma-thick samples, amplitudes of 3prp(f)and 8pre(f) compo-
nents have an intersection such that dprp(f) dominates at lower
and Sprg(f) dominates at higher frequencies. Intersection does not
exist in plasma-thin samples; dprp(f) dominates at all frequencies.
As we predicted in our previous article,””** the influence of excess
carriers as heat carriers can be clearly seen as a strong attenuation
of the dprg(f) amplitude in plasma-thin samples at lower frequen-
cies (<1 kHz) followed by its amplification, e.g., the formation of
the peak-like structure (peak beginning in our case) at higher

ARTICLE scitation.org/journalljap

frequencies (>1 kHz) [Figs. 3(a)-3(e)]. In other words, the ratio of
thick 8pi30(f) and thin 8p3%(f) thermoelastic amplitudes is almost
two orders of magnitude (8pry(f)/8p3%(f) ~ 10%), much larger
than in the “no carriers” escenario (8pi3(f)/8p3%(f) =~ 1.2).”>"
This fact indicates that the investigated silicon plate, under given
experimental conditions, loses its flexibility. At the same time, the
Oprotal(f) phase curves follow some patterns by changing the slopes
at higher frequencies [Figs. 3(b)-3(f)]; from negative (plasma-
thick) to positive (plasma-thin samples). This is a direct influence
of dppg(f) ondproral(f) at higher frequencies, detected for the first
time in our experiments. This is the only case where we have a
direct influence of excess carriers as charge not heat carriers on our
PA response.

It is interesting to take notice that the &ppp(f) component
does not change significantly when a sample thickness change,
either in amplitude or in phase. The dpp(f) component changes
slightly only in the case of plasma-thick samples, at higher
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frequencies where it does not affect dpiora(f). This is the reason
why we try to find the correlation between excess carrier existence
and PA response changes using the strongly attenuated dprg(f) com-
ponent. Knowing that PA responses are generally proportional to the
temperature changes in the sample, and temperature changes are
strongly influenced by 6n,(x), temperature distribution Ts(x) calcu-
lations (Appendix) can be used to confirm mentioned correlation
and possible causality. The most efficient way to present the temper-
ature distribution fluctuations due to excess carrier influence is to
calculate T(0), Ts(]) and their amplitude ratios A, = Ar)/Arq)
and phase differences A = @1y — @r(). The amplitude ratios and
phase differences are used here as a part of long-established signal
normalization procedures applied to find small fluctuations unable
to see on the logarithmic scale. They afford a measure of departure
from the “standard” response. In our case,”” the “standard” response
would imply A, > 1 and A¢ > 0(T,(0) > Ts(])).

Using experimentally obtained 7, Dr, s, s;, and D, and the
well-known theoretical model (Appendix) in the whole photoacoustic
frequency domain (20 Hz-20kHz), A, and A¢ frequency responses
for all investigated sample thicknesses are depicted in Fig. 4.

According to Fig. 4, A, > 1, Ap > 0(T,(0) > T(I)) for a
plasma-thick sample (“standard” response, I; =150 um—red line,
peak-like behavior), while A, <1, Ap < 0(T(0) < T(I)) for a
plasma-thin one (“non-standard” response, I3 =30 um—black line).
The transition between plasma-thin and plasma-thick samples is
given by the blue line obtained for L,=85um=L, (“standard”
response). The boundary thickness L, can thus be recognized as the
smooth curve without a peak-like behavior that follows the growing
trend of the plasma-thick regime. These results are consistent with

100 10 1
Modulation frequency, f'(Hz)

our previous theoretical predictions about the frequency responses of
A, and Ag as functions of the sample thickness.”’

Here, we must pay attention to the possible important effects
of the multiple reflections of the modulated light beam on the tem-
perature field of the sample. These effects are strongly determined
by the product Bl between the absorption coefficient (8) and thick-
ness (1) of the sample””~"" such that they are significant at the illu-
minated (non-illuminated) sample surface for I <2 (Bl <5)
only.”' In our case, the absorption coefficient of our Si samples is
B=258x%x10"m™" at the wavelength of 660 nm (red) of the used
light source. This yields values B> 5, for the three samples consid-
ered in our experiments (B =~ 39, B, ~ 22andfl; ~ 8), and,
therefore, the semi-infinite sample approximation used in the
present work is well justified.

To clarify the results shown in Fig. 4, temperature difference ..
is more suitable to use. The results of AT for all sample thicknesses
are depicted in Fig. 5(a); (1) AT > 0 = T,(0) > T,(I) in the case of
plasma-thick (red solid line) and L, thickness sample (blue solid
line), (2) AT < 0= T,(0) < Ts(l) in the case of plasma-thin
samples (black solid line) in the whole photoacoustics frequency
domain. Note that presented result (AT < 0) is visible only under
the conditions when the illuminated sample surface is passivated
(s1 =2 m/s) and non-illuminated is not(s, = 24 m/s). Any other
combination (s; = 53,51 > 52) will not vyield the AT <0
effect.”>” In the frequency range under consideration, the maximal
temperature differences are AT =80 x 107® K for plasma-
thick samples and ATR*™ = —3.5 x 10~® K for plasma-thin ones.
The results depicted in Figs. 4 and 5 confirm our assumption that
plasma-thin samples at given frequencies can be considered like

1 10
Modulation frequency, f(Hz)

& ' a) b)
5 80 AT=T(0)-T()) 1 10°F = = = = = = == == -1
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g =R FIG. 5. The results of (a) temperature
§40. 2107 150 ] differences AT and AT* and (b) ampli-
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5 1014 - = P ]

é 0 : : — 10712 . ‘ - ‘AIT30|,

S 10° 10° 10* ¥ ¥ 10

Modulation frequency, f (Hz)

J. Appl. Phys. 128, 095103 (2020); doi: 10.1063/5.0015657

Published under license by AIP Publishing.

128, 095103-6


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

efficient heat sinks, using excess carriers as heat carriers to remove
the absorbed light energy from the illuminated surface and transfer
it to the non-illuminated one, where they release it in the process
of recombination. During such transport, T5(0) decreases because
the front surface of the sample does not accelerate the recombina-
tion, and a large number of carriers manage to escape from it to
the sample volume. At the same time, T;(I) increases because carri-
ers that have escaped from the illuminated surface reach the non-
illuminated one (thin samples) and recombine there quickly
because the surface is non-passivated, i.e., there are a large number
of dangling bonds that contribute to a higher recombination
efficiency.

The most illustrative depiction of the dpre(f) component cor-
relation with AT changes is given in Fig. 5(b), where the amplitudes
of plasma-thick (SpXY(f), ATis0) and plasma-thin samples
(6p%%(f), |ATs0]) are given as a function of the modulation fre-
quency f. Knowing that AT changes are a direct consequence of the
excess carrier influence, theoretically predicted causality between
the excess carrier existence and the thermoelastic component atten-
uation in the frequency domain is clearly proved.

V. CONCLUSIONS

Based on the comparison of experimental and theoretical pho-
toacoustics signals obtained within the modulation frequency range
of 20 Hz-20 kHz, the significant influence of photogenerated excess
carriers on the thermal and elastic properties of n-type silicon
plates have been uncovered and analyzed. It has been found that
the excess carriers, acting as heat carriers, are the cause of the ther-
moelastic bending of samples. For plasma-thin samples, the effect
of the plasmaelastic component on the total photoacoustic signal
has been detected for the first time, at high enough modulation fre-
quencies. Furthermore, we have found that the ratio between
plasma-thick and plasma-thin amplitudes of the thermoelastic
component is around two orders of magnitude greater than its
value in the “no carriers” scenario. A maximal temperature differ-
ence of —35nK has been found between the illuminated and non-
illuminated sample surfaces, which show that thin silicon plates
with excess carriers could efficiently be used as heat sinks. This
latter fact could find potential applications in the electronic indus-
try (component design), environmental chemistry (thin-films anal-
ysis), or MEMS (sensor sensitivity). These results are also expected
to hold qualitatively for other types of non-degenerated semicon-
ductors (doping below 10** m® for both n- or p-type Si),” as the
excess carriers that act as heat carriers, generate the thermoelastic
bending of samples.
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APPENDIX: TEMPERATURE DISTRIBUTION IN
SEMICONDUCTOR SAMPLE-“CARRIER” SITUATION

Figure 67" depicts a semitransparent semiconductor plate of
thickness I and absorption coefficient 3, uniformly illuminated at a
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X

FIG. 6. Scheme of the n-type semiconductor excited with a light source of mod-
ulated intensity.”**

front surface x =0 by a light source of modulated intensity I.
Inside the sample, according to the Beer-Lambert law, I is given by
I(x, t) = Iy[1 4 cos(wt)]e#*, where Iy = I,(1 — R)/2, I, is the inci-
dent light intensity, R is the plate optical reflectivity, ¢ is the time,
o = 21if, andf is the modulation frequency. If the energy of a light
source photon € = hv is equal to or greater than the bandgap &, of
the n-type semiconductor (€ = hv > &), the absorbed photons
will generate excess carriers, namely, holes (minority carriers) and
electrons (majority carriers) with the same number densities
ony and 6y, respectively.

After they are generated, both types of excess carriers diffuse
from regions of a high density to ones of a low density, changing
the temperature distribution within the semiconductor and on its
surfaces. In the case of n-type semiconductors, carrier diffusion
and recombination processes are driven by the minority carrier
density given by”*”’

Snp(x) = Are’t + A — Ae P, (A1)

where A = Io/(eDyp), L = Ly/\/(1 +iw7), L, = \/Dpt is the
excess carrier (holes) diffusion length characterized by their diffu-
sion coefficient D,, and lifetime 7, and the integration constants A ;.
are defined by**>*

_ A vp(vp £ s)e™ — vp(vp — s)e P!

A,=
T wp (vp+s)et — (vp—s)e”

, (A2)

depending strongly on the relative values of the characteristic
diffusion speeds vp = D,/Landvs = 8D, (v > vp). In deriving
Eq. (A2), only periodic component of the excess carrier density is
considered as the quantity of interest in PA and PT similar detec-
tion techniques. To simplify the calculation and intensify the excess
carrier effects, the sample front surface (Fig. 6, ..) is assumed to be
highly passivated (s; = 0), while the back non-illuminated surface
(x = 1) is assumed to be nonpassivated (s, > 0).

The excess carrier density 67,(x) is related to the periodic
component of the temperature field Ti(x). A standard “thermal
source” approach in semiconductors, used in our calculations,
implies a 1D thermal diffusion equation that can be written in the
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formzo,22,23
d*T.(x) £—¢ _ £
g T = =Bl = Loy, (A3)

The total solution of Eq. (A3) is given as follows:*’
To(x) = Therm (%) + Tor(x) + Tr (), (A4)

where thermalization, surface, and bulk recombination com-
ponent are defined with””**

_Ie—g P coshlo(x—1)] —e""cosh(ax)_ _px
Tem () ==~ {b sinh(ol) P
(A5)
B e_gsz5np(l)cosh(0'x)
L) = ™ Gkt (46)
and

Tbr(x) =

SgBl Bye®* + B3€76x _ 1 5np(x) [/ —px
tko? 2sinh(cl) -1\ B P_1° ’
(A7)

Here b =flo, c=(Lo)™", o =1+ i)lu being the complex
heat diffusion coefficient, u = /Dr/nf the thermal diffusion

length of the semiconductor, and Dy the thermal diffusivity, while
the integration constants B, (n = 1, 2, 3) are defined as” "

B
 eD(F - L)

By = Bse ™' + Bs,

B; = Bye® + Bs,

and
Bi[é‘np(l) — 8n,(0)cosh(l/L)] — cosh(l/L) + e ¥
__. b _
By=—c sinh(I/L) - (2 — 1) »-1
Bil[énp(l)cosh(l/L) —om,y(0)] — 14 e Posh(l/L) be—H!
Bs=c sinh(I/L) - (¢ — 1) N2
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