Coupled ac photocurrent and photothermal reflectance response theory

of semiconducting p-n junctions. |
Andreas Mandelis

Photoacoustic and Photothermal Sciences Laboratory, Department of Mechanical Engineering and Ontario
Laser and Lightwave Research Center, University of Toronto, Toronto, Ontario M5S 144, Canada

{Received 12 December 1988; accepted for publication 8 August 1989)

A formalism involving the ac photocurrent and photothermal reflectance (PTR) spectroscopic
response of a semiconducting p-» junction device is presented. The differential equations for
the photovoltaic and PTR signals are solved explicitly and speciat limits of use in experimental
applications [J. Appl. Phys. 66, 5584 (1989}, part II] are considered. The dependence of the
photocurrent and PTR signal modulation frequency response on electronic transport
parameters is identified and the suitability of ac PTR as a noncontact diagnostic technique is
assessed in comparison with the more conventional ac photocurrent method.

[ INTRODUCTION

ac photovoltage measurements have long been used suc-
cessfully to monitor electronic transport properties in semi-
conducting devices in general,' and in p-u junctions in par-
ticular.>®  Typical measurements are essentiaily
nondestructive, however, they require electrode attach-
ments to the p-z junction wafer in order to monitor photo-
voltage and/or photocurrent.

The recent emergence of ac photothermal reflection
(PTR) technigues* and their successful application to the
measurernent of substrate wafer processing paramters,” free-
carrier plasma densities,” and microelectronic device imag-
ing,” has raised the possibility of performing nondestructive,
noncontact studies of electronic transport parameters at the
device level. In order to assess the usefulness of the ac PTR
technique in achieving that goal in the case of a basic build-
ing-block device such as a p-n junction, one must compare
the potential of ac PTR with that of the conventional ac
photovoltage method through mathematical modeling.

To the best of the author’s knowledge, and perhaps sur-
prisingly so, there appears to exist no rigorous theoretical
analysis of the ac photocurrent method that would cover the
entire set of optical, electronic, and geometric parameters
involved in the operaticn of a conventional p-n junction de-
vice. Given that the development of an appropriate rigorous
ac PTR theory of electronic transport in such a device re-
guires extensive results from the formulation of the ac pho-
tovoltaic problem, this work presents a joint analysis of the
coupled ac photovoltaic and PTR signal generation prob-
lems. It is worthwhile noting that the ac photovoltaic model
can be utilized independently for the interpretation of con-
ventional experimental photocurrent results, as shown in
part II of this work.®

it. ac p-n JUNCTION PHOTOVOLTAIC THEGRY
A. Generat formulation

In formulating the theory, great simplification occurs in
the case of one-dimensional analysis. For a typical p-» junc-
tion device, such as a Si solar cell, junction depths are of the
order of 1 um or less® and therefore one-dimensional analy-
sis along the depth coordinate can be used for a typical pho-
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toexciting optical source beamwidth of a few micrometers,
This type of source is experimentally represented by a fo-
cused laser beam, and was used in the experiments reported
in part I1. Thus, in what follows we have used a one-dimen-
sional analysis as a satisfactory approximation to both pho-
tovoltaic and PTR problems.

The geometry adopted is that of an abrupt p-» junction
fabricated on an n-type substrate wafer by diffusing a p-type
impurity so as to form a thin p-type surface layer. Figure 1
shows the situation in which the finite width of the depletion
region at the junction has been neglected. This is a good
approximation under the uvsual device operation condi-
tions'® and further simplifies the analysis while retaining the
basic physics of the probiem. Under monochromatic light
excitation of the p-n junction, the flux of photons penetrating
depth x in the device is given by

N(x,t) = Nyexpl ~ B(A) (x + d}1H(5), (13

where H(¢) is a function determining the time dependence of
the incident radiation, d is the junction depth, and S(A) is
the optical absorption coefficient of the photoexcited materi-
al at the excitation wavelength 4. 8(A} is usnally a function
of doping concentration in a given semiconducting device.
N, is the surface photon flux F,{1) corrected for the reflec-
tivity R(A):

No(A} = Fy(A)[1 — R(A)T. (2)
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FIG. 1. Cross-sectional view of a p-n junction photovoltaic device excited by
monochromatic light of frequency f= w/2w.

© 1889 American institute of Physics 5872

Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



The time-dependent photogenerated rate of electron-hole
pair population at depth x is

Glx) = — %N(x,t)

= BAIN(AYH (t)expl — B(A)(x +d)]. (3)

Eguation (3} plays the role of placing an excess carrier
source at the junction depth. These carriers are subsequently
separated according to their sign by the built-in electric field
and appear as minority carriers on either side of the junction.
Charge transport occurs according to the continnity equa-
tions:

3% An) An i g 1
axzp _ Lip - EE(AH‘”) = — ) G(x,t),
pside: —d<x <0 {4a)
and
asz") A L9 apy = ~ Lo,
ox L D, d¢ b,
nside: —x>0. (4b)

Equations (4) assume that no external applied electric fields
exist across the device. L, and D, are the minority-carrier
diffusion length and diffusion coefficient, respectively
{(i=np). An, (Ap,) is the minority electron (hole) excess
density on the p{n) side following illumination. The validity
of Egs. (4) is subject to the following constraints:

n[’u <pﬂu ’ -p":) <n”u 4 (5)
n,(%,8) —n, =An, (X1 <p, ,
pn(xJ) mpni,EApn (x,l)<€n,,“ . (6)

The quantitiesn, ( p, ) andn, ( p, ) represent equilibrium
minority electron (hole) and majority electron (hole) densi-
ties on the p(n) side, respectively. Under harmonic intensity
modulation of the optical exciting beam at angular frequen-
cy @ = 2uf, the excess carrier density time dependence can
be described as

(7a)
(78}

An, {x,f)=n,(xt) —n, = An(x)e™,
Apn {x,t) =p, {x,8) — Py, = Ap(x)eimt .

Under harmonic intensity modulation, the time-dependent
function in Eq. {3) can be written as
H(t) =1(1 4%,

so that the ac components of Eqs. (4) can be written in the
form

2
g;{&n(x” _ ALP'Z(X> = — (%\Bexp[ __ﬁ(x +d)] .

P 2D,/
—d<x <0, (8a)
d? Ap(x) fBNO) .
D iapy) = 22X (BN or i,
deE p(x)] Lz 2D, expl —B(x+d)]

(8b)

In Egs. (8) the quantities L ,; have been defined as complex
frequency-dependent carrier diffusion lengths (j = n,p)

L E,Lj/\/rlml ior; {9}

x>0.
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where 7; is the minority-carrier lifetime
7 =L}/D; . (10)

ac photoexcitation of the p-u junction amounts to forward
biasing, with the value of the potential barrier modulated at
frequency f= w/27. Thebarrier height can be written (Fig.
2)

Yy =¢,—V,(0), (11)
where
P, (ty=Ve™. (12)

Under the abrupt juncticn and infinitesimal depletion-
width approximation, the excess minority-carrier densities
on either side of the junction boundary at x = O under illumi-
nation can be given in terms of the equilibrium densities”

nP (Q,Z} — prﬁ (-O'I) — 8Xp{ . q{¢(> ._,, VP(E)]) .

n, Py, 3 kpd
(13}
In the small signal approximation
VogkpT/q, (14}

the exponential term may be expanded and the first term
linezr in w retained:

exp{ — q[do— V, (0 /ks T}
= exp{ — g/ k Texp(gVye™ /kp T

=exp{ — qbo/kp 1)1 + (qu/kBT)eimj . {15}
Using

niJu = n"n exp( - Q¢t)/[k3ﬂ H (16&)

Pn, =D, €xp( — qbo/kzT) , (16b)
Egs. (123}, (15), and {(16) yield the relations

~ 5
nP‘; pnn kB T

which are the boundary conditions at x = O under the linear-
izing assumption of a small ac signal component. In the case
of an incident high-intensity laser beam such that the maxi-
mum photovoltage ¥, does not satisfy condition (14), the
present formalism predicts the appearance of nonlinear
terms in the photovoltaic response of the device. Neglecting
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FIG. 2. Energy-band diagram of p-n junction ifluminated under ac photoex-
citation of modulation frequency f= w/27. &, is the contact potential;
¥, (1) is the time-dependent photovoltage.
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any such terms and assuming a semi-infinite n-type substrate
(Fig. 1}, two more boundary conditions must be satisfied:

Ap(eo) =0 {18}
and
d
Dn _[An(x)]x_ —d:UsAn("—d)s (19>
dx
where v, is the surface recombination velocity.
The solution of Eqgs. {8) yields the expressions
An(x) = A cosh(x/L,,} + Bsinh{x/L,,)
2
NoL = —hxHD - d<x <0,
20, (1 =R )
{20a)
Ap(x) = Ce"" 4 De ™t
N, 2
PNL o e~ Fx+d x50, (20b)
ZDP(I “B2L§)p)

The constants 4, B, C, and D can be determined from bound-
ary conditions {(17)~{19) and are given as follows:

A=n (QVO)_ ,BNoLim -»./3(1,
“\kp,T) 2D, (1 —B%L2%)

iy < v, coshid /L) + (D,/L,, )sinh(d /L, ) )
U \(D,/L,,)cosh(d /L, ) + v, sinh(d /L,,)

(21)

BNoL?,,
2D, (1 —B7L3%,)
v, + BD,
><< (D,/L,,yeosh(d /L,,) + v, sinh(d /L,,} )
(22)
C=0, (23)

1 L? {1 3 Lz
J. = — aBN. “p —BleB g Ten
6T g8 DE ﬁ} 1_pg2Le

(213

1—b2L2 \L,,

D:pn(qyo)_: ﬁNOLiP e B
NkpT 2D,(1—-B*L2)

Neglecting any thermal generation or recombination of
carriers within the depletion layer can be justified in typical
device geometries where the width of that layer is quite small
compared to carrier diffusion lengths. Under this simplifica-
tion the junction current density may be calculated by evalu-
ating the diffusion currents of minority carriers at x =0,
which represents both the depletion layer boundaries in this
model:

(24)

J(0) = q(D,, 2 An(x) — D, 2 Ap(x)) . (25)
dx ax x =0

In terms of components, the current density can be sepa-

rated into functions dependent on, and independent of, the

junction barrier potential ¥, respectively:
J(O) =T (gVy/kpy T — Jg. (26)

In Eq. (28) J, is the saturation current density, which is
a function of the geometry and fabrication parameters of the
junction. Furthermore, itis independent of the optical inten-
sity. Since J, does not represent a photocurrent in response
to the incident optical flux, it will not be considered any
further in this work. The term J; represents the generation
current and is proportional to the illumination intensity

I(hw) = Nphv  (W/cm?) (27

via its dependence on the incident photon flux N, J; is inde-
pendent of the junction photopotential ¥, and is a measure
of the excess photogenerated electron-hole pairs that are
successful in diffusing to the junction before recombining.
Therefore, J; is the only component related to the experi-
mentally observed ac photocurrent and will be exclusively
considered in the remainder of this work. From Egs. (20)—
(26) the general expression for the ac photocurrent density
can be written in complex form as follows:

% [ 2\

(D,/L

(2143

Equation (28) is the modulation frequency-dependent ex-
tensicn of the dc generation current density expression de-
rived earlier'® with a sign correction in front of the last term.
In the limit of @ = 0, Eq. (9) shows that L ; = L, and Eq.
(28) becomes identical to the (corrected) Eq. (15.1-17) of
Ref. 10.

For direct experimental comparison, the most conven-
ient representation of the photovoltaic current expression is
in terms of polar coordinates, which yield amplitude and
phase channef information. Appendix A lists the various
complex-valued functions encountered in Eq. {(28) in polar
coordinate representation. Using those definitions, the am-
plitude |J;| and phase &, of the photocurrent signal can be
written in the form
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i {[vs cosh{d /L,,) + (D, /L, )sinh(d /L, )le % — (v, + BD, )> +Be WH '
yeosh(d /L, ) + v, sinh(d /L_,)

(28)
| e = (X3 + Y13 (29)
®,; = tan” (Y./X,), (30)

where X, and ¥, are defined in Appendix A.

B. Special cases
1. Low-freguency Hmit

At low light intensity modulation frequencies, such that
wT, €1, o7, &1, the following approximations to the gen-
eral theory can be made {see Appendix A):

[R,,j:prizl, {(31)
C,=d/L,, S,=0 (32}
Andreas Mandelis 55874
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Wit =X, =, cosh d + —=sinh d , ¥,=0, (33)
D

i} = X, ~— cosh d + v, sinh—i’_, ¥, =0, (34)
LFA Lﬂ n

|Z,|=|t — (BL,)?|, ¢;=0, (35)

Izglzll - (Ing)zis ¢2ZOv (36)

The signal is independent of modulation frequency, be-
cause all carrier transport is fast compared to opticai excita-
tion periods; therefore, the photocurrent becomes indepen-

dent of the observation time {(one modulation period).

Under these conditions, two important cases may be identi-
fied.

(i) v, -0
In this limit the photovoltaic signal becomes
Ve|=X;

L g3, K_Lf___)e R ______L__.___,_.."
T2 T+, |1 — (8L, Y|
X|{ 8L, + tanh 7 e — 8L, sechz-— L (37

®G 20,

In the optically opaque case a further simplification oc-
CUrs gpon setting

exp( — Fd) =0 {38a)
Then, one obtains
L 2
EJG l z._l_. qN0<~.M_>3ech i
2 |t — (BL,)?| L,
i d
::—5{ g, sech T (39}

The photovoltaic signal is optically saturated, i.e., indepen-
dent of B, provided that £, > 1,as expected. In the optically
transparent lmit,

exp( — Bd) =1, (38b)
80 that
1 L,
Jolm— BN[ Lo— -
|46 ] 29 01+5Lp |1*(5Ln)2i
d d
X(ﬁLn 4 tanh 7 — BL, sech 7 .40

Upon making the realistic assumption® that d /L, €1, Eq.
{40) reduces to

| =L gNo[BL, /(1 +BL,)]. {41)

4

(i} v, -0

In this limit

Eguatior (41) is identical to the expression for the photo-
current presented without derivation by Munakataeral. M in
the limit of low frequencies and for a p-n junction fabricated
on a p-type Si wafer, rather than the n-type substrate as-
sumed in this model. The complex extension of Eq. (41) can
be readily obtained by substituting L, for L,. The linear
dependence of |J;| on £ at low optical absorption coeffi-
cients is due to the fact that the optical penetration depth of
the photon beam £ ' becomes much longer than the carrier
diffusion length and thus the integrated absorption over one
diffusion length thickness becomes proportional to the
amount of light absorbed, i.e, scales linearly with 5. This
behavior has also been observed previously. '’

{ii) v, > oo:
In this limit the photovoltaic signal becomes
e | =X,
1 L
m—gAN | e T +
7 ¥ °K1 +ﬁLp)

X [(ﬁLn + coth fm)é —# _csch

td

L,
|t — (BL,)?

d
. 4
LH “@n

For both very low and very high v_, the phase of the signal
remains constant at 0° due to the fast transport response of
the device, which is in-phase with the modulated optical ex-
citation. In the optically opague regime, the signal simplifies
to

@, ~0.

IJ(JIZ%QNU CSCh(d/Ln )/BLn) (43)

ie., a monotonic decrease with &, provided that BL, > 1,due
to the fact that 5d > 1 also, so that the p-type region becomes
opticaily opaque and photogenerated minority carriers lie
closer to the device surface, where they cease to contribute to
the photocurrent generation as they are swept out of the
circuit at high recombination velocities {see part II}.

2. High-freguency lmit

In this case w7, > 1, @7, > 1. Appendix A gives the ap-
proximate values

IR/ | =os1), ¢y=w/2 (j=np), (44)

C,=8,=d/u,(w}, (45)
where

p(0)y=(28,/0)"?, j=np (46)

is the electron { j= n} or hole {j = p) ac diffusion length
associated with the minority-carrier diffusional wave on ei-
ther side of the junction.

|7y ={eD, [sinh®(d /u,) +sin®(d /u, ) 117, (47>
@ __{sinh(a’/y,,)cos(d/u,,) + cosh(d/y,,)sin(d/p,,)) (48)
¢ & ]
. sinh{(d /u, ycos(d /i, ) — cosh{d /u,, ysin{d /i, }
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and

17| = {oD, [sink?(d /z,,) + cos*(d /15, } 172, (49)
h(d inh{d in{d
v, = tan“‘(cos (d/u,)cos{d /p, ) + s?n { /,u,,)sTn( /;1,,,)) - (50)
cosh{d /i, yeos{d /u, ) — sinh{d /u, )sin{d /u, )}
£
Furthermore, again, an exponential amplitude decay with decreasing
N . — 1/2 .
Zi=I1 Y2 ~tan™ [ (B, )21, L, (o), along with a @ preexponential d:ependencc,
|Z =]+ (Bu,)] ¢ [Bp.)/2] whereas the phase lag increases linearly with »'/2. Both of
(51) these mild fractional power dependencies are due to the fre-
1Zo) =1+ (Bu,Y*]% ¢ =tan'[(Bu,)*/2]. quency-dependent carrier diffusion length L., Eq. (9), be-
(52) coming the limiting quantity in the device response.
For very high frequencies, such that 1. a¢ p-n JUNCTION PHOTOTHERMAL REFLECTANCE
w>max(2D,/d*2D,8%2D,B%), {53) THEORY

we can write
d/u.(0)>»l; Bu,(w), Bu,(0)<l

Under these conditions, and in the optically opague limit,
exp( — Fd} =0, the photocurrent signal becomies

ol A aNo By ) P oxp] —d /ity (@)], (58)
cos(d /u, ) +sinld /i) ) (55)
cos(d /u, ) —sin(d /u,) )

The ac photocurrent amplitude decays with increasingwasa
result of the modulation frequency becoming comparable to,
or higher than, the recombination rate (the inverse lifetime)
of the photogenerated carriers: this effect tends to decrease
the observed photocurrent due to incomplete collection of
carriers at the junction and subsequent diffusion to the mea-
suring electrode location at x = — 4. The functional form of
this decrease is exponential with decreasing ¢, (w), as ex-
pected from 2 heavily damped diffusional wave, with a mild
preexponential frequency dependence on @™ " as well. The
nonzero phase shift 8, indicates the diffusional delay due to
the inability of the photogenerated carriers to respond fast
enough to the optical excitation.

B z% + tan"‘(

(1) v, — o0t

In this limit

=, [sinh?®(d /p,) + cos®(d /u, ) 1'%, (56)

¥, ~tan™ '[tan(d /u, tanh(d /u, ) ]. (57)
Also

|| v, [sink?(d /s, ) + sin®{d /p, ) 1'%, {58)
with

¥, ~tan"'[tan(d /g, Ycoth(d /s,) }. (59)

At very high frequencies where condition (53} is valid, and
in the optically opaque limit, the expression for the photo-
current signal becomes

|Fe! = (V2/2)gN,[Bu, (@) jexp] — & /u, (@)}, (60}
G {n/4) +d/u, (@) (61}
The causes of the ac photocurrent amplitude decay and
phase lag are similar to those discussed above in they, =0
case. The particular functional dependencies here involve,
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A. General formuiation: The thermal wave probiem

The PTR technigue hinges on the fact that the sample
surface reflectivity is a function of temperature.’? In the case
of electronically active materials, such as semiconductors,
super-band-gap optical excitation results in the generation of
free electron-hole pairs within a thin region below the sur-
face, which also intersects the junction in a photovoltaic de-
vice. The excess photocarrier density at the surface also con-
tributes a component to the reflectivity.® In its most general
form, optical heating of a semiconductor surface using an
intensity-modulated laser source results in a fractional
change AR of the unperturbed surface reflectance R, given

by

AR i (8R) 1 (é’R)
ARy LR Np L L{RNN, (62
I 70 e )

Ry
In Bq. (62), AT,,,; is the surface temperature excursion fol-
lowing optical heating, AN is the photoexcited free-car-
rier density at the surface, and dR /3T, IR /In are material
parameters assumed constant. For pure Si,'* (SR /8T)/
Ry=a=15%x10"*/"C, and® (3R /dn)/Ry=b= — 1077
cm®. Equation (62) may then be written as

AR

Ro surf,w

=gAT{ — dw) + bAn{ —dw). {(63)

Opsal and Rosencwaig have shown® that, for the case of
optical excitation of a pure Si substrate, both terms on the
right-hand side of Eq. (63} are of the same order, albeit of
opposite signs, and are both important in determining the
thermorefiectance response of pure Si. In their case
An=n, —n,, ie, An is the excess photoexcited plasma
density in intrinsic or doped substrates: An ~ 16** cm 3. For
the photovoltaic p-n junction device of Fig. 1, however, the
second term on the right-hand side of Eq. (62) consists of
the free minority-carrier density increase due to the presence
of the optical field. It should be recalled that Axn(x) is the
magnitude of the excess minority electron density on the p
side and is given by Eq. (7a). As such AnS10%% cm 3, or
An{ — d,w} £p, , the periodic surface equilibrium majority
hole density. Therefore, it is clear that for a p-n junction
device the second term on the right-hand side of Eq. (63) is
much less significant than the first term and one can write

Andreas Mandelis 5576
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AR,
Ry {surtw
For small departures from the background temperature
T,, optical heating of the device can be described by

i d*AT,) +(ﬁNOAE

=eAT( — dw). (63")

E
)e—b’(x+d)+ g (Anp)
C

3x? oc TP
_—;%mrp), psider —d<x<0 (64a)
and
ac?z(;if"n)+(ﬁz’:’;f5)e_ﬁcx+d>+§Z;(Apn)
:%{ATH), nside: x> 0. (64b)

In Eqs. (64) AT, (AT, ) is the temperature excursion from
T, in the p (n) side; E, is the band-gap energy of the semi-
conductor homojunction material; AE =4v — E, is the
thermalization energy that results from optically excited
carrier relaxation following absorption of photons with ener-
gy higher than £ ; and «, p, and ¢ are the material thermal
diffusivity, density, and specific heat, respectively. These
governing equations are simplified versions of a more com-
plete set, in which the heat generation rate is given by ™

Gy (x,8) = [hvN (A By e Bx+d
+ (hy — o Er YNy(A)Be ~ P+

+ (Ep/mnp YARH (1), (65)

where § = 8. + B,, with §c representing the free-carrier
gbsorption coefficient and £, is the single-photon band-to-
band absorption coefficient. Two-photon and higher nonlin-
ear absorption processes can be neglected for low illumina-
tion intensities, 77, is the quantum efficiency for one-photon
carrier generation, E, is the average electron-hole recombi-
nation energy, 2nd Ty is the nonradiative component of the
bulk lifetime. It is reasonable to make the following approxi-
mations to several parameters in Eq. (65): E; ~E,, for
small quasiequitibrium values of the average electron (hole)
energy above (below) the conduction {vaience) band edge;
T =75 (7, ), for room-temperature measurements where
radiative and photochemical deexcitation channels in the
p(n) side of the junction are insignificant; this further im-
plies 7, =~ 1; Brc €6, =f, for minority-carrier populations
much smalier than majority-carrier densities on either side
of the p-n junction.
With these approximations,

GHp(X,t): {(ﬂNgAE)e”'ﬁ(-’“f 5

+ (B, /7, )An, (x) | H(1}, (66a)
Gy (x,0) = [ (BN,AE)e ™ Blxt+d)
+ (B /7, }0p, (x} 1H(2). (66b)
Now, under ac optical heating we can define
AT, (x,1)=AT, (x)e™, (672)
AT, (x,5) =AT, (x)e™, (67b)
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and, recalling Egs. {7), the thermal diffusion equations (67)
can be written

dz
ST @] - AT, (x)

E
= —<—$¥Tn)(A cosh —— + B sinh -~ )
2k L(on L(Di‘
—_ ‘BNO{AE EﬂLi’" ) «ﬁ(x+d),
2\ L2 -g%l,)
d2
_ __(EgD\ge—x/LW_<ﬁNo>
2kr,) 2k
X(AE+ BL o )e“ﬂ“‘“*"’), x>0
{68b)

In Egs. (68) k is the material thermal conductivity

= apel; A, B, D were defined in Eqgs. (21)-(24); o= (in/

@)% is the complex thermal diffusion coefficient. The small

signal approximation, Eq. (14), was assumed throughout.

Solution of Egs. (68) gives the expressions for the tempera-
ture on either side of the junction:

AT, (x} = C, coshio(x + d)] + C, sinhfo(x +d) ]

K /
& { 4 cosh —>—

4 y
kTH(OZme—nZ)Q\ Lwn

BN,
2k(o* - B*)

B sinh = +
- Lm)

E,L?
x| AE + g on )e“‘ﬁ"‘“‘d) (69)
and
. ED
AT,,(x):Cae““"("*”)—i—(———————g >e hor
kr, (o — L ;%)

BN (AR
* ko -/3’2)( +

Xe - B(x +dy

EgLip )
(70)

Three boundary conditions must be satisfied for the p-n
junction device of Fig. 1, corresponding to the three integra-
tion constants C,~C;. These include temperature and heat
flux continuity at the interface x = O:

AT, (0) = AT, (0, (71)
d d
AT, (0], 0 = -[AT, (M) Lo (72)

Equation (72) assumes constant therma! conductivity
across the space-charge region. The last boundary condition
involves the rate of heat generation at the surface™:

kg——[AT,,(x)}x; e = — o An( ~d)Eg,  (73)
X
where v2'® is the part of the total surface recombination ve-
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locity due to nonradiative processes. In accord with our pre-
vious approximations, and in view of the complete neglect of
radiative and photochemical deexcitation channels in this
work, we shall set 9™ =~u,. Thus Eq. {73} can be written in
the approximate form
d

k‘;};‘-EATp(X)}x=_dQ;—USEgAn(md). (74)
Now the constants £, C,, C, can be determined from Egs.
(71}, (72), and (74). Once the expressions for 4, B, and D

have also been inserted from Egs. (21}-(24}, the complex-
valued equation for AT, ( — d) will have the form |

ATP( —d) = ATO( "d)(qu/kBT) - ATG( —d),
(753

where AT, ( — d) is independent of the incident photon flux
Nyand AT, ( — d) is the surface temperature excursion re-
lated to the photogenerated free-carrier recombination. In
line with the photocurrent formalism of Sec. II, only the
AT; term will be considered throughout the rest of this
work, i.e., the ac temperature term resulting from nonradia-
tive energy release from free minority carriers recombining
on the surface of the p-» junction device. Under these condi-
tions, the full complex expression for An{ — &) to beused in
Eg. (74) may be given using the Ny-dependent component

An( —d) =

1—pL2,\ (D,/L

ﬁM)‘L im (L (u_nl ECOSh(d/Lwn) - e_ﬁd] - ﬁSinh(d/Lwn ) )
o dcosh(d /L,y +v, sinh(d /L) ]

(20a")

Finally, the expression for the complex ac surface temperature can be written after considerable algebraic manipulation:

BENyf L% ®+o¢ ¢

“mre el
L2(1—pB2L%2) o —L; L,

+ (a’Lm)_‘[vse“B"’_ (v, +ED,g)<cosh Ld

D
+ (us Zi) EﬁDn sinh —%— & —-"—(e B osh
o L

L

whn @n

1 1 1 i

)

2k \L2(1—-B2L2)o (9+L,;; o+ 8

D
“~e~ P+ (v, + BD,)sinh Ld

_;§0+ﬁ_<0+,6’~ of1— (UL(M)":Z])( (5+MH) ‘

wn

D
+ e""’“) —_— (vs cosh Ld + 7 ®_sinh Ld )e“‘ “3+""1H

D v
L ) } ( " cosh d + v, sinh 4 )
Lam L(t)" Lﬂ"’l Lam

(76)

Straightforward physical interpretation of Eq. (76) is difficult in the general case, however, amplitude |AT ;| and phase
A7 Corresponding to experimental data channels may be separated out with the help of Appendix B.

B. Special cases

In this section we shall consider several special cases of the optically opague limit expressed by Eq. (382). This condition
reflects essential physical constraints of actual p-n junction devices that are coated with antireflection coatings and represents
experimental conditions described in part I1.® When Eq. (38a) is valid, Eq. (B8) simplifies to the following expression:

_ BE,N,
2ks|Rn”21L

4

72|

E—l— (E?E- E( +BD,)|Z,[cos(éy + by + by + o — ) —

R, 1

—

via,L,

(v, +8D,)

X[lZAcos(én + &, +¢3+¢'2+%m¢c>+e"“‘dcos (%+¢1+¢3+%+a,d +—§)]}

2

USTIE Dn R" 1!‘2 én
- [ l l EZCECOS<'—“'+¢I+’E/)2+1=—¢C)—*-BB,,EZSICOS(¢" +¢1+¢2+E‘_¢2)}
\2a, L, 2 4 4
i T
—"‘_COS<¢‘n +¢1+¢4+"“)E» (77)
\[zax iZ4l 4
with an analogous expression for ¥, derived from Eq. (B9).
¢
1. Low-frequency limit |Zsi=[B + a,)* +a}}"*=B, ¢4=0. (79)

In this special case the approximations Eqgs. (31)-(36)
hold. In addition, from Appendix B,
|Z5| = (4at + L ;)% gotan~'(2alL2), (78)
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In the low-frequency regime u, =a, '> L, a thermally
thin condition involving the thermal diffusion length g, (@)
and the minority electron diffusion length in the p region.
Equation {78) then becomes
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|Zs|=L ;% ¢y=0. (80}
Similarly, another thermally thin condition encoun-
tered at low frequencies is 4, (w)>d, or a,d <1, so that
exp{ — a,d) =~ 1. Thus, Eq. (77) further reduces to
BE.N, ( P

= — Lz D
%1 = (BL.Y Xzi v, +8D,)

X [sinh d ——( 1 )(cosh d +1)
L, 2a.L, L,

LZ
~—!£S——"—(L;§cosh; — B sinh d)? 1 ),

4

2a, ] L)} 2Ba,
(81)
and, analogously,
Y, ﬁEgNO {_l_gl‘n(vs +ﬁDn)
okl - LY &, 2a,
2
X(cosh d + 1) + vl
L, :
_ d . d 1
xX{ L 7' cosh — Bsinh N 82
( z, 7 Ln)}*”zﬁaz} 52

where X, is given by Eq. (34). In terms of v, limits, the
following cases may be identified.
(i) v, —C:

The real and imaginary components of the temperature-
dependent ac PTR signal become

z——-mfﬁgvo——— E,BL%, [tanh d
2k |1 — (BL,Y? L,

H d
1 83
(1+seen £ e

2’ath AN

4

and
E N,(BL,)*
=k 1 — (BL)a,
In the optically opaque situation where gy, =8 ~'<d,
we also expect g5 €L, as a reasonable approximation, since

usually d < L, in p- junction devices.® Under this assump-
tion, Egs. (83) and (84) can be combined to yield

[1+sech(d/L,}}. (84)

EN,
mfika,{w) er/ 4
(85)

The surface temperature dependence of the ac PTR signal is
independent of 8 and decreases with modulation frequency
as £~V due to the domination of the signal by the thermal
diffusion length i, (w) =a; ! at low frequencies. The ac
temperature decreases with increasing modulation frequen-
cy, as the optical energy converted to heat decreases with
decreasing modulation period. Comparison of Egs. (39) and
(85} shows that both photocurrent and PTR temperature
component signals contain similar information aboutd /L,,,
with the latter exhibiting an additional thermal diffusion
length factor, as expected.

(ii) v, — c0:

In this limit the PTR signal gives

5579 J. Appt. Phys_, Vol. 86, No. 11, 1 December 1988

—_ ﬁEgNO
YT 2k — (BL,)

x[l— 1 <Zcothd
2L, 3

n n

d
h —BL,},
+ csc 7 B ,e)}

{86)
_ BENN,L,
7 4k |1 — (BL,Y|a,
d d
2 coth csch — — 8L, ). 87
x(co L,,+SLL,Z ,3n) (87)

In the optically opaque situation 8L, > 1, Egs. {86) and
{87) combined yieid
EN,
AT m—t 2 32 coth 4 + cschi —pBL, |,
ZV[—Z—kBL,,a,(a)) E Ln Ln

Opr= — /4. (88}

In the fashion similar to the photocurrent signal amplitude
i |» |ATg| is a function of # ', except for very high 8, for
which it saturates optically. As in the v, = O case, the ther-
mal generation nature of |AT | results in /~"/? (thermal-
diffusion-length-controiled ) dependence on modulation fre-
quency.

2. High-freqguency limit

The approximations described by Egs. (44) and (45)
are now valid and the minority-carrier ac diffusion length
#; (@), Eq. (46), becomes a pertinent characteristic dimen-
sion of the problers.

(i) v, —0:

Equations (47)~(53) are valid. In addition, the follow-

ing approximations { Appendix B) can be made:

|Z5) = 2lpe,* — p | =2la} — a|, éi=w/2,  (89)
|Zl = [(B + a,)* + a2} ? =B, ¢4=0. (90)

Under the reasonable assumption 8°% (@, + 4, )a,, in the
optically opaque limit, Eq. (77) and its counterpart for ¥,

yield
cos <1r + i, — il )

L3

EN ZDI/Z
X4:gaf5’ [ i

2kr,@®? |2(a, +a,)a,

(a,/a,}

_W "‘(”'+“")dcos(7r+¢2+a,a’)} (91}
and
E NcﬁzD 172 1 d
Y o~ - £ ." Si 5 —
¢ 2i€’rll£‘q)3/2 I:z(at + an )at n (77, + wﬁ I3 )

_ tansa) e T sinr + ¢y + a,d)} .
|a; — a3l
(92)

Typically, @, (} MHz) =~ 1.72 X 10° cm ™! for crystalline 81,
and @, (1 MHz) =1.79X10° cm: ™! for a p™-type diffused
layer in a Si-based p-n junction,” so that (¢, +¢a,}a, > 1.
From the form of Egs. (91) and (92), it is easy to see that

|@2 — a2 | = |a, — e,|(a, +a,)€a,(a, +a,). (93)
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Therefore, combining Bgs. (91)-(93) gives

i E Afﬂﬂzal/z )
AT | =+ cimlaf—azﬁ expl — (g, +a,)d , (94)
O (@) =7+ (o) + a,(w)d. (95)

The amplitude decays exponentially with an approximate
siope of [/ (Ja + /D, )]d onaln|ATq | vs £/ plot. A
preexponential frequency dependence on @ /% is also pre-
dicted by Eq. (94). This dependence may be understocd in
terms of a combination of carrier diffusional and thermal
wave atfenuations as functions of modulation frequency: the
o~ ! decrease due to the photogenerated plasma wave contri-
bution, Eq. (54), is combined with the @~ %/% decrease due to
high-frequency thermal wave attenuation, a well-known
photothermal wave behavior in semiconductors in the opti-
cally opaque and thermally thick limit."”
(ii) ¥, = c0:

In this Emit Egs. (56)—(59} are valid. In addition, Eqs.
(89} and (90) hold and the real and imaginary signal com-
ponents can be written:

~Eg‘)v(ﬁ( 1 (an/at) - (a4 a,)d
T 2kr,0 \2(a, +a,)a, | |@— 2
BL?
Xcos[m+ (e, +a,)d ] +7 {96)
and
ENSB { (a,/8) _ (04 apa .
V,~—-£ : M Csinto 4 (a, +a,)d
e (] 74 (o]

(97}

L 2
+—=(B + Za,,)).
2a,
Using relation (93) as in case (i) above, and, for opaque
semiconductors, L} <1/8 [a,(@) + a,(w)], Egs. (96)
and (97) may be combined yielding

E,NB(a/D,)""?

AT | =
IATe] kr,w|al — a? |

expf{ — (a, +a,)d },
(98)
Or(@)=7+ [a,(w) +4,(0)]d (99)

The ac PTR amplitude exhibits 2 @ ~? preexponential
dependence and an exponential decay with £/? identical to
that of Eqg. {94 ) valid in the limit v, = 0. This behavior may
alsc be understood as a combination of the @™ !/2 decrease
due to the photogenerated plasma wave contribution, Eg.
(60} and the »3/2 thermal wave attenuation in the semi-
conductor in the optically opaque and thermally thick lim-
it."> It is interesting to notice that the preexponential fre-
guency-dependence difference between the PTR v, -0 and
v, — oo cases is a @~ /2 factor. This is the same difference as
the one observed between the photocurrent signals under the
same conditions, Egs. (54) and (60). A direct comparison
between the electronic transport parameter information
content of the high-frequency photocurrent and PTR analy-
tical expressions derived in this work shows the following: In
the v, -0 Hmit, |J; | and |AT ;| both decay exponentially

5580 J. Appi. Phys., Vol. 68, No. 11, 1 December 1989

with /2, however, the slopes are, respectively, (#/D, )'/%d
and [7'%/(a"'? + D }/*) }d. The preexponential factors are
proportional to 32, and |J; | depends on D,, while AT |
has both D, and 7, dependencies due to the heat release
mechanism following minority-carrier diffusion and recom-
bination with a time constant 7,,. Of course, thermal wave
diffusion information is exclusively present in [AT; |, mani-
festing itself as a different power dependence on £ than |J;]
and in the presence of the material thermal properties o, &, ¢.
These observations demonstrate that similar electronic and
optical information about the p-» junction device can be ob-
tained from either photocurrent or PTR data in the v, -0
limit, with a combination of the two techniques yielding the
optimum number of parameter measurements. Inthe v, —» «
limit, entirely analogous comments can be made, with both
techniques depending on 2 linearly (optically opaque limit)
and ac PTR exhibiting a 7, dependence, as well as the (com-
mon) D, dependence.

i¥. CONCLUSIONS

The coupled ac photocurrent and PTR theories present-
ed in this work show that electronic transport information
can be obtained using a laser-induced PTR signal in a p-n
junction photoveltaic device, such as a solar cell. The ac
thermorefiectance signal frequency dependence was shown
to be sensifive to 2, 7,, and 4 parameters. Therefore, the
present theory sets the foundation for the utilization of ac
PTR as a noncontact electronic property diagnostic mea-
surement technique at the device level. In principle, opti-
mum diagnostic ability was found to exist when both PTR
and photocurrent measurements take place simultaneously.

APPENDIX A

Polar form representation of compiex functions in ac
photovoltaic theory

The basic building-block complex-vatued functions ap-
pearing in Eq. (28) can be written in the form |Q |e* as
follows:

Ly = (L;/|R,|V)e"?, (A1)
where

LDy, R = {1+ (01)*]"3

¢, =tan~'(wr;), j=n or p.

cosh(d /L,,) = |Z,|e*, (A2}
where

|Z,| = [sinb*(C, ) + cos*(S,)]"%

¢, =tan" '[tan(S,)tanh(C,) ],
with

C, = (d|R,|"*/L,)cos($,/2) (A3)
and

S, = (d|R,!V*/L, )sin(¢,/2). (A4)

sinh(d /L) = |Z,|e*, (AS5)
where
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|Z,| = [sink*(C,) + sin®(S5,)]"?
and
¢, = tan” '[tan(S, Jeoth(C,) ].

L= L2, = |Z,je*, »
where
2= {[1- B LI/IR, Deos b,
+(BPL/|R,|Ysin® ¢, 112,
b= tan“( (B2L3/IR,Dsin , ) |
1—(BL1/IR,|)cos 9,
1—B2LY, = |Z,)e", A
where

\Z,) ={[1 — (B>L}/|R, Decos ¢, 1’
+ (B?LL/IR,|)sin’ ¢,}'7,
b, = tan ! ( (B>L%/|R,|)sin g, ) ‘
i — (B?LL/IR,|)cos b,
Finally, the complex functions that make up Eq. (28)

may be constructed from the above basic functions upon
defining -

and
Y, =, sinh(C,)sin(S,) + (B, R, |"*/L,)
X [sin{¢,/2)cos(S, )sinh(C,) + cos(¢,/2)

X sin{S, yeosh(C, 3 (A12)
The complex function J, is defined as
JS=(D, /L, yeoshi{d /L, ) + v, sinh(d /L, ),
{Al3)
with
X, = v, sinh(C, )cos(S,) + (D,|R,|V¥/L,)
X {cos{é,/2)cos(S, ycosh(C,} —sin(g,/2)

Xsin(S, }sinh(C, )]

and

Y, = v, cosh(C,)sin(S,) + (D,|R, | % /L)
X [sin(#,/2}cos(S, yeosh(C, ) + cos(4,/2)

Xsin{S, )sinh(C,)].

In Egs. (A8) and (A9) amplitudes and phases are given by

Jo= X+ Y =, (A8)
— 2 24172
5y =X, + iV, =|4le™, (A9) Wil = (X% + Y0317, (A14)
where P =tan" (¥ /X, ), k=12 {A15)
Jy=v, cosh(d /L, ) + (D, /L, )sinb{d /L,,), Now the amplitude |J; | and phase & of the photocurrent
(A10) signal can be written as
X, =, cosh(C,)cos(S,) + (D, |R,|"*/L,) Vol = (X% + ¥ (A16)
X [cos{¢,/2)cos(S, )sinh(C,) — sin(¢,/2) B, =tan" ' ( ¥/ X}, (A1)
Xsin(§, yeosh(C, ) . (A1ly  where
!
1 L 9 BL
X, =—gBNy | —F— cos( ——”=)———~——’1——cos + )]e"""’
3 5 Qﬁ 0<|RP|1/2122! [ ¢2 + 3 IRP[]/Z (¢2 ¢P
Lil [Jll ( én EL" }
—_— Lcos oy — o, — by — + scos(¢, +,)le #?
P el ORI A S n R
U'y DPE éll
—’——;;;'-Bl———cos <¢2+¢1+ '7 )}) (A18)
5 2
and
1 L B = . P,
Y, =—gBN, £ 2 sin{¢, + )—sm( +=—"->e'ﬁd
3 29’!3 O(lRpP/z‘Zzl <|Rpt”2 (¢, +¢,) $2 >
Ln |Jli : ( ¢n> BLII - } —Ad
4 i lgin — i~ — —— | = ———sin(g, + B, e F
EE (Lo (=t = ) - o+
D p
+—vf—%‘?‘—"sin <¢2+¢1 + ¢2 )D (A19)
2
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APPENDIXB
Polar form representation of complex functions inac
PTR theory

In addition to functions presented in appendix A, Eq.
(76) requires the polar transformation of several thermal-
wave-related expressions:

o= (iw/a)'? = (1 + i) (w/2a)?=\2q,e™*, (BI)

where @, = (w/2a)"? is the thermal diffusion coefficient.
Sometimes it is convenient to define a thermal diffusion
length i, (@) =1/a, (@) = (2a/w)"?,

c?—L;r=|2Z,|e", (B2)
where

|25 = {[24} — (IR, |/L )sin g, |*

+ (|R, /L2 cos® ¢, 172,
4, = tan—" (2413 — (|R,|/L%)sin ¢,,) .
— (|R,[/L})cos ¢,

o+ B=|Ze (B3)
where

|Zy) = [(B + a) +al]%

s=tan"[a,/(a, +B) ].
1—AoL,,) % =|Ze™, (B4)j

—_ _ﬁEgNO[ 1 E i
) 2% V/iathpHZZE EZ6

1Z4] 4

cOos <¢p + ¢2+¢4+G,d +i)} e*fﬁ' + a,yd 4

where
|Zs| = {[1 — (|R,|/2a?L 2 )sin ¢, ]2

+ (IR, |/2a7L %) cos® ¢, }'7,

_f (R,}/2aL%)cos ¢,
¢s = tan : e .
1 — (|R,|/2¢’L%)sin ¢,
o+ L, =|Z|e%, (B3)
where

|2l = {[a.(|R,|V*/L,)cos($,/2) ]

+ [a, + (|R,[V*/L,)sin{g,/2) 12},

a, + (|R,|"*/L,)sin($,/2) )

=tan~!
P = tan (ai-i—(]Rp!”z/Lp)cos(¢p/2)

Using functional definitions from Appendixes A and B, the
amplitude |AT | and phase ©,, of the PTR signal, from
Eg. (76), can be written in the form

AT =(Xi+ YD
B, =tan"(Y/X,),

where

(B6)
(B7)

! cos<¢p+¢2+¢6+a,d +%)

P
IR, [12:]

L1 (DR (4
x ({2 o #4008 (0t 614 4y 4 ) + (0 + BD)IZJ005(B, + i+ s+ Y 80

2| \ 125 L

]

|Rnl”2 d ¢n ’ s
+ Use_ﬁ cos T+¢I+¢3+¢2+_Z - (vs +ﬁDn) |Z(‘|COS( 7

V2a,L,
$n

+e~ P4 cos (——2——+ b1+ s+t +ad +%)] — W™ "”dcos( >

¢n

VsTh DnERnluz - Bd
+ e ““cos N + ¢+ i+

¢'l

T
+¢1+¢3+¢2+j‘:‘-—¢%)

¢P‘!

+ ¢ +ds+ ¢, +ad +%_¢‘)D

T}~ 1zeos (Lot gt o+ T .|

V2a, L, 2
+8D, Zjoos (6, + s+ + L= 4 )|} - | Dcos (4, + 6.+ 80+ T
4 VZa, 1124 4
— [ IZi! cos (gﬁn + &y +é,+ad + -g—) - mcos (¢,, + ¢+ s +ad + —g—ﬂe_ @ "”d})} . (B8)
Similarly,
_BEN, {

4

Zk Ei‘/ia:ERpEFZZ

A
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sin (9, + 62+ b+ ad + L) 70T 4

i .
| [w sin (¢, + 42+ do+ad +7)

__
1R, |1 2]
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¢!‘1

e~ P4gin (
2

X(Fii’(lzzu

ER |1/2
+ m:_i’;_____
V2a,L,

D,|R,|'
L,

(

+€Wﬂd3in(%?“+¢n+¢3+¢z+azd +’Z})E - IJlée_(ﬁ+aE)dSin< 2

{ore 245in (L4 6.+ 9+ a4 T) = 0, 4.8, 1z.lsin

£ it bt ) + (0, + BDZIS0(, + b1+ ot~ p)

4

n

2

7
+¢;+¢3+¢2+2’“¢’s)

P

+ b+ b+t +ad =~i—§——=¢l)})

o i QLT CRURTRS) REA CEPRTRS 29|
+8D,(Z,sin (8, + ¢+ o+ T—,)]) - J;a, [] e (484004 T)
— [ Z sin (zﬁn +é,+,+ad +~§) —Wsin (eﬁ,, + ¢, +ps +ad +g—)]e"w * “’)d})] . (BY)
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