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Roughness effect on heterojunction photovoltaics

G. Palasantzas and E. Koumanakos
G. S. A. Research and Development Center, Amygdaleza-Aharnes, 13600 Athens, Greece

(Received 11 December 1995; accepted for publication 29 February 1996

In this work, we present an investigation of the junction interface roughness effect on the open
circuit voltage,V for thin film heterojunction photovoltaics. The roughness effect is studied for
self-affine rough interfaces, which are described in Fourier space by the correlation model
~d?&(1+aq?e?) 1M, o, ¢ andH denote, respectively, the rms roughness, the in-plane roughness
correlation length, and the interface irregularity expori@rtH <1). The roughness effect becomes
significant for smalH (<0.5), and for large long-wavelength roughness of typical valu@s-0.1.

The junction interface roughness may yield a contributio¥ joeven up to 10%. Comparison of the
results is performed with predictions in real heterojunctions, e.g,S{ZnN)CdS. © 1996
American Institute of Physic§S0021-8976)05211-5

I. INTRODUCTION well studied in resonant tunneling diodes, a thorough study
of the interface junction roughness effect on PV devices is
Among the various energy sources which involve con-still in its infancy. Therefore in this work, we will investigate
trol of natural phenomena, solar energy is possibly considthe effect of random roughness interface morphology on the
ered the most attractive. This is due to the fact that thiopen circuit voltagdV,,). It is expected that the presence of
energy source is costless, renewable, and abundant. Convéuinction interface roughness will degrade the electrical prop-
sion of solar to electric energy is based on the photovoltaierties (lower V. in the present cageof the PV element.
(PV) phenomenon.Even from the time they were first de- Also, our results will be compared with experimental data.
veloped in the 1950s to provide electrical power for
spacecraftd, PV elements have been touted as an energyl. BASIC PV-ELEMENT THEORY

source W.'th a bright technological futue. The photovoltage is created by the dissociation of
Despite the enormous efforts up to now, PV cells haveyqcron_hole pairs due to incident photons within the junc-
been less than a shining success. The basic reason is the highl, 1, iit-in field. The energy gaj,, of the photon ab-
production cost which limits their use to niche applicationssorber should be adjusted to the er?er;gy of the incident pho-
such as powering watches and calculators or providing eleGyng | fact, large energy gaps result in a small number of
tricity in remote homes beyond the reach of power lines. PVgenerated charged pairs and thus small photocurrent, while
elements are generally constructed from semicondyBtar ) energy gaps result in a small open circuit voltage. It is

homojunctions (i.e., S), and heterojunctions [i.e,  ggtimated that a favorable energy gap for the photon absorber
CuSAZn)CdS, CdS/CdTe, AGa_ ,As, CdS/CYSNS,  must be in the range 1 e¥E ,;<1.7 eV57

5 .
CulnSg, ITO/CdTe, In/SdTe, etd,” as well as organic sys- The current—voltagel V) relation for a PV element is
tems(i.e., G polymers. given by?®
Crystalline Si, which provides the most reliable solar I
cells, is produced by a costly precision process akin to manu- | =AxJo[€%" ™ = 1] Agadpph(V), (0

facturing computer chips, and organic solar cells have stabikyhereh(V) is the collection factor of th@—n junction. A,
ity problems when exposed to strong light and shortthe junction arealy,, the illuminated areaR, the resistance
||fet|m954 Alternatively, thin film heterOjUnCtionS for PV in SerieS,Jph the photocurrent densit)JO the saturation cur-
element3 can be produced from elements abundant in naturgent at inverse polarizatiofl, the system temperaturk,the
with significant efficiency and having a large junction area.Boltzman constant, ang the carrier charge.

If we denote byA, and Aq, the junction area and the illu- The open circuit voltag® . is obtained from Eq(2.1)
minated area of the PV element, the ratig/Aq, can dras- by settingl =0. Thus, we have

tically affect the element’s characteristics. Moreover, this ra-

tio is not directly related to principal properties of the qVoe~kT In M} +(qVoo,
semiconductors. It is related to the method and the film fab- Jo
rication conditions, which can significantly affect the PV el- A (2.2
ement’s efficiency. (QVoo)y=—KT In| - - }
flat,

In many instances, the fabrication of the thin film het-
erojunction includes vapor deposition and sputtering.,  because in generaf’k">1. This can readily be seen from
Cu,S/CdS, CdS/CdTe, ej¢.which are in general nonequi- the fact that aff~300 K we havekT~0.028 eV and since
librium processes. The formation of surfaces/interfaces witlyV~0.1-1 eV, we obtaire? ">1. The first term in Eq.
self-affine fractal morphology is observed in many cases fof2.2) is positive, while the second terrtV,J),, which is
vapor deposited and/or sputtered films under conditions famainly related to the heterojunction fabrication conditions, is
from equilibrium® Although interface roughness has beennegative since\,=Aqy;.
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Ill. AREA OF A ROUGH SURFACE

If we denote the surface height profile hyr), which is
assumed to be a single-valued function of the in-plane posi- ©
tion vectorr = (x,y), the area of a rough interface is given by

h(X)

szf [1+(Vh)2]Y2d?r, (3.1 ®)
For weak roughness |Vh|<1,
[1+(Vh)3 Y2~ 1+ (1/2)(Vh)2— (1/8)(Vh)*...., which @

upon substitution into Eq.3.1) yields up to second order

1 1
A= Aat 5 J (Vh)zdzr—§ J (Vh)4d?r, (3.2
X (arbitrary units)
where the average flat area is given BAy,~/d?r. In the

strong roughness limit or |Vh|>1, FIG. 1. Schematics of the height proft¢X) vs the in-plane positioiX for

2112, -1 P ; self-affine structures in order to show the effect of the roughness exponent
[1+(Vh)9] |Vh[+(1/2)[Vh| ™", substitution into Eq. | (see Refs. 6 and)8(a) H=0.8, (b) H=0.5.(c) H=0.2.

(3.2) yields
2 1 142
Ax~f Vhld r+§f|Vh|* o (3.3
fluctuations of liquid—gas interfaces, the kilometer-scale
IV. THEORY FOR RANDOM ROUGHNESS AND structure of mountain terrain, €té. Physical processes
SELF-AFFINE ROUGHNESS which produce such surfaces include fracture, erosion, mo-

lecular beam epitaxy, fluid invasion in porous media,%étc.

The surface height profila(r) is assumed to be a sta- The correlation function for any physical self-affine sur-

tionary stochastic process wiifi(r))=0, and the surface face is characterized by a finite correlation len§tlvhich is

isotropic along thex andy axes. The angular brackets denote .
o a measure of the average distance between peaks and valleys
an average over the ensemble realizations of the surface pro-

2 _My2H <
file, 0*=(h(r)?) is the mean-square departure of the surfac on the surface such tha(r)~o¢"—Dr™ for r<¢ and

€ _ s 27 22H -11 _
from flatness(rms surface roughnessand ¢ the in-plane C(r)=0forr>¢ (D e /£ is a constant™ ™ The rough
. . ness exponent<OH <1 is a measure of the degree of surface
roughness correlation length which represents the avera

e . 8,10 N . _
distance between consecutive peaks or valleys on the Sl?rr_regulanty. Small values ofH(~0) characterize ex

face. In addition, we shall assuntgr) to be a random tremgly jagged or wregular surfaces, W.h'le large values c_har-
) . : acterizeH(~1) surfaces with smooth hills and valleys, Fig.
Gaussian variable in order to calculate ensemble averageé

10,11

products ofh(r)’s (see the Appendix '
We will define the Fourier transform df(r), and the

correlation functionC(r) by

The Fourier transform{|h(q)|? of C(r) according to
Eq. (4.1) for self-affine fractals, has the scaling behavior
(In(@)|?)e=q~ " if gé>1, and(|h(q)|?)=const ifqé<1®

1 “igr 2 This scaling behavior Fourier space for self-affine structures
@)= (2m)? J h(re™™d, is satisfied by thé-correlation modet! This model is valid
(4.1  for the whole range of values for the roughness exponent
0<H<1, and following the notation of Ref. 11,h(q)|?) is

1
C(r)zﬁat f (h(r+r")h(r"))d? given by

which in turn yield(h(q))=0 since(h(r))=0, and 2.2
Aflat o

<|h(CI)|2>=(2;_|ra)t4JC(r)e"‘"dzr, (2m)° (1+ag?e)* "
(2m)* (42  where the normalization  condition [(2)%A]
(h(h(a'))=— (Ih(a)[?)8*(q—qa’). X [o<qeqlh(@)[?)d*q = o? yields the parameter &
flat

a=1/2H[1—(1+aQ?&?) 1], (0O<H<1) and
The right-hand side of Eq4.2), which gives the averaged a=1/2 In(1+aQZ?¢%) (H=0). Expressions valid foH =0 can
products(h(g)h(q’)), means that the surface is assumed tobe obtained from those valid fdd>0, if we consider the
be statistically stationary up to second order or translationidentity limy, o(1/H)[x"—1]=In(x). The limiting case of
ally invariant. logarithmic roughnesgsH=0) is related to predictions of
A wide variety of surfaces and interfaces occurring invarious growth models for the nonequilibrium andfogf

nature are well represented by a kind of roughness associatéite equilibrium roughening transitidi. In addition, the
with self-affine fractal scaling, defined by Mandelbrot in knowledge of the following integral will be useful in calcu-
terms of fractional Brownian motichExamples include the lations of the surface ardalso see the Appendixwhich is
nanometer topology of vapor-deposited films, the spatiatalculated analytically in terms of E.3),
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_@ 2 2\ A2 10
S,(O‘,g,H)— At Jq <|h(C|)| >d q [ T T T T T T T T T -

o? 1 ) or ““'-. ]
Zfzgz[m[(lJraQﬁz)l_H—l]—za : F 1
8| -
4.9 - :
S 4 i
V. RESULTS AND DISCUSSION 43— -
—
6 | -
Weak roughness limitFourier transformation of Eg. <><

(3.2) in combination with Eqs(A3) and (A4), yields up to 5 i
second order of perturbation theory

AX 1 3 2 1
A~ 1+ 380 6 H) —iS(0.6H)] (5.0 :
Afiat 51 i
by proper Fourier transformation of the term§H)?" (n !
=1,2) in Eqg. (3.2, and grouping of integrated ensemble- 2 .
averaged products with thenzerms(see the Appendix
Strong roughness limitin this case we can calculate I .
mainly an upper limit for the rough area. In fact, the inequal- L '
ity (|Vh|)<(|Vh|?)*2 yields, after substitution in Eq3.3) ol 4
to lowest order, PR TR S TR Y Y S NS B
A 00 0.1 02 03 04 05 06 07 08 09
—X~J (|Vh|>d2rsj [(|Vh]|?)]Y2d?r. (5.2 H
Afiat
Fourier transformation of Eq5.2) and taking into account FIG. 2. Schematics of the upper bound fay/Aqy vs the roughness expo-
Eq (4 4 yields nentH in terms of Eq(5.3): dotsa/£=0.03, solid lines/¢=0.05, and dashes
T 0/é=0.07. The fixed value for the correlation lengék40 nm was used
. during the calculations.
<[Si(o.&H)]Y
Aflat
__ ¢ 1 [(1+aQ2§2)1*H—1]—2a vz ratioso/é~0.1, and small roughness exponeHtsThe latter
v2a¢ [1-H € ' is in agreement with the fact that @ becomes smaller

(H<0.5), the number of surface crevices increatee Fig.
(5.3 1), therefore exposing a larger area. Comparisons with real
Thus, Eq.(5.3) yields an upper bound for the roughness con-systems reveal that the values for the rough area upper bound
tribution to first order of approximation. can be realistic, since they produce deviations between
Prior to the presentation of the results, we point out thetheory and experiment as we will see later on. Moreover,
following. The ratio o/¢ describes mainly the long- from Fig. 2 we can see that the dominant effect comes from
wavelength(q<1/¢) roughness characteristics. Finer rough-the ratio o/¢. In fact from Egs.(4.4) and (5.3), the upper
ness details at short wavelengtlig>1/¢) are revealed bound for the rough area is directly proportional d&d¢;
through the effect of the roughness exponkntThe latter  A,/Aq<0/é. Nevertheless, the increment at sntdl(<0.5)
describes the degree of height—height fluctuation irregularityappears to be characteristically steep as a functidf.of
and density, and it is related with a local interface/surface In Figs. 3a)—3(c), we plot simultaneously the weak
fractal dimensiorD=3—H.® In our calculations, we used, roughness limit effec{Eq. (5.1)] Jwith the upper bound
for the correlation lengtl, the fixed valueé=40.0 nm, and strong roughness lim{tEqg. (5.3)] Jas a function oH, and
values for the rms roughnesssuch thato/é<0.1. The val- ratioso/¢ of 0.03, 0.05 and 0.07. In all the schematics, there
ues of the roughness exponent H are considered in the rangea discontinuity in(V,y), as function ofH which signifies
0O<H<1. The chosen values for the parameters, andH the crossover from the strong to weak roughness limit re-
come from experimental roughness studies over a wide vargime. Furthermore(V,), in the strong roughness limit is the
ety of surface systenfs Finally, we will assume PV ele- regime to the order of~1072102 V, while (V,o), in the
ments at room temperaturd,~300 K, which result in weak roughness limit is in the regime of mV and lower
kT~0.028 eV. (~103-10* V). From the same schematics, we observe
In Fig. 2, we present schematics of the upper boundhat as the ratia/¢ increases the crossover occurs at larger
given by Eq.(5.3) as a function of the roughness exponentroughness exponents. More precisely, we obtain fos/¢
H, and for values of the ratia/¢ in the range 0.0&0/¢ =0.03 a crossover dtl ~0.4 for ¢/£€=0.05 atH~0.55, and
<0.1. It is observed that the upper bound of the rough surfor ¢/¢=0.07 atH~0.65.
face area could be as large as ten times the average flat area In order to judge the significance of the roughness effect
(strong roughness limit d8,>1). This occurs mainly at large on V,., comparisons with theoretical and experimental pre-
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dictions on real heterojunction systems should be performedilms, with a different fabrication process of (3 where the
In measurements of,., e.g., in CxS/ZnCdS films, the latter would not enter too deeply inside the crystallites of
measured voltage values werg M0.65-0.71 V. Nonethe- CdS, it is possible to yield an improvement ¥6f. even of
less, a theoretical value was predicted toge~0.74 V. On  ~0.06 V (Aperathitis, which is about 10% o¥,..> Such a
the other hand, as can be seen from Fig. 3 such a differenamntribution from roughness is closely attained during our
between theory and experiment is of the order(\df,), calculations in the regime of strong roughngsse Figs.
(roughness contributign at small roughness exponents 3(a)—3(c) for H<0.3] Thus, the roughness effect can be re-
H<0.5, and typically large ratios/¢ (~0.1). In Cy,S/CdS  sponsible for significant deviations from expected theoretical
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predictions. Furthermore, our calculations can have a closk fact, each pair oh(r)’s on the right-hand side of E¢A1)
connection with reality, and can be the basis for direct quanis called a contraction. Moreover, Fourier transformation of
titative analysis of junction interface roughness effects inEq. (A.1) yields
thin film heterojunction PV. , " "

Moreover, it should be pointed out that during the op—<h(Q)h(q )h(q)h(a™))
eration of a PV element, heating effects of the thin film can =(h(q)h(g"))h(g")h(g™))+(h(q)h(q"))
change the junction interface morphology by redudihgnd
a/¢ (smoothening effecis which in turn can affect the el- X(h(q")h(g"))+{(h(a)h(q""))(h(q")h(q")), (A2)
ement’s performance. For example, the temperature effect on

V.. has been examined for In/CdTe junctions prepared b)\évgsrai?(;& %a |ra|r:1 dl(E4q§)\2) can be calculated according to

evaporation of In onto sputter-etched surfaces of CdTe. A In Eq. (3.2 after ensemble average and substitutions of

decrease oY/ in the range~1.0-0.4 V for temperatures in ; :
the range of-50-300 K was observe(Courregest al).® the Fourier transforms fdn(r), integrals of the form

2n
2n\ _;2n .
VI. CONCLUSIONS (Vh)T)=i f<]1;[1 h(q1)>
In conclusion, we combined knowledge of basic PV 2n 2n 2n
theory with that of analytic height—height correlation models ><H q; exr{—i( E q)r}H dij (A3)
for self-affine fractals, in order to investigate quantitatively =1 =1 =1

the heterojunction interface roughness effect on the open cigg| appear withi2"=(—1)". These integrals fon=1,2 can
cuit voltage(V,o). Our results show clearly that this effect pe cglculated by using Eq&t.2), (4.3), and(A.2). Thus, the
becomes of significant quantitative importance even to thgyegrals in Eq(A3) for n=1,2 will be given by
order of ~1072 V for surfaces with large ratios/&(~0.1),
and small roughness exponemi$<<0.5 (strong roughness
limit). Comparisons with simple experimental systems show
the relevance of our calculations with reality. More precisely,
our estimations of the strong roughness limit are closer to the =Si(0,6,H), (Ada)
presented experimental data where the corresponding rough ; 4 4 4 a
area isA,~(9-10 Agy. <H h(qj)> 11 qj)exr{—i(z qj)r}n d2q

Extensive studies will be required on each particular j=1 j=1 i=1 j=1
thin-film structure to gauge precisely the junction-roughness
effect in connection with film fabrication conditions and sys- =3[si(0,¢,H)]% (A4b)
tem temperature. Moreover in heterojunctions, problems re-  Forn>2, we obtain
lated to lattice mismatch can contribute significantly to the o o
element’s efficiency. This is due to the fact that lattice mis-, n H h H

2y (9;) Ly

f<h(Ql)h(Qz))(Q1Q2)97i(qﬁqz)rdzmdz%

match affects the recombination of the charged pairs prior to

their collection, and as a result their investigation remains of

crucial technological importance in the solar cell industry. r{ ( 2n ) } 2n
xXexg —i r

3, qyJr I1 da=Piniis (o)1,
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1/2(1/2-1)--+(1/2=n+1
APPENDIX A~Agat >, ( ) n'( )
n=1 !

The assumption thdi(r) is a Gaussian variable means
that the average of any odd number of factorhff) with > j ((Vh)2")d2r (AB)
the same or different arguments vanishes, whereas the aver- ’

age of the product of an even number of factorh@f) is 4 “#ter substitution from EqgA5) and (A3) vields
given by the sum of the products of the averages(@f)'s GEAS) (A3)y

paired two-by-two in all possible ways, i.e., we hie t= 1/2(1/2—1)---(1/2—n+1)
A= Apart 2, P(n)
(h(r)h(r"Yh(r")h(r")) n=1 n!
=(h(r)h(r")){h(r")h("))+(h(r)h(r")){h(rHh(r™)) X[Si(o,&,H)]" (A7)
+(h(r)h(r")h(r")h(r")). (A1)  with P(1)=1 andP(2)=3.
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