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Fig. 1.13. The three major modes of forward junction current transport: (1) injection
over the barrier, (2) recombination in the depletion layer, and (3) tunneling, with or with-
out thermal assistance, through interface or imperfection states, followed by recombination.
(Reprinted from R. H. Bube and A. L. Fahrenbruch, “Photovoltaic Effect”, in Advances in
Electronics and Electron Physics 56, E. Marton, ed., p. 163. Copyright 1981, Academic
Press, Orlando FL.)

Ja = Jolexp(gd/KT) — 1] (117)
with agig = ¢/kT and A =1, and

Jo = (n}/Na) q(Ln/Tn) (1.18)
where, in the p-type material, n; is the intrinsic carrier density, N4 is the

density of acceptors, L, is the electron diffusion length, and 7, is the electron
lifetime. A plot of In(J,7~7/2) versus 1/T has an activation energy of Egp.



30 Photovoltaic Materials

Recombination in depletion region

The second smallest mode of junction transport involves recombination in the
depletion region [Process (2) in Fig. 1.13]. A recombination rate expression is
used based on Shockley—-Read recombination (e.g. see Ch. 4 in Bube, 1992),
with integration across the depletion regions. The current can be expressed as

Jrec = Jo [exp(Q¢/AkT) - 1] (119)
with arec = ¢/AKT and A =~ 2, and
Jo = gul1/ (TnoTpo) /) [WkT /460 — ¢)]w (1.20)

where w is the depletion layer width, 7,, is the minimum electron lifetime
when all recombination centers are empty, and 7p, is the minimum hole lifetime
when all recombination centers are electron-occupied. The value of A has a
maximum value of 1.8 for symmetrically doped junctions if the levels at which
recombination occurs lie at mid-gap; otherwise values of A between 1 and 2
may correspond to this mechanism (Sah et al., 1957). A plot of In (J,T5/%)
versus 1/T has an activation energy of E¢,/2. For unsymmetrically doped
junctions, the value of A may be equal to or larger than 2 (Choo, 1968).

Interface recombination without tunneling

At an nt—p interface, the density of electrons is large and current is limited by
the availability of holes, which must overcome the barrier in the valence band.
Such currents may be described by

Jin = Jo [exp(qd/kT) — 1] (1.21)

with ainte = ¢/kT and A = 1. Two conditions may exist: (1) the thermal
velocity vy, of the electrous is larger than the interface recombination velocity
s1, so that the current is limited by interfacial recombination, in which case

Jo = qsi Ny exp(—qop/kT) = gN1 Srven N, exp(—qop /kT) (1.22)

where S is the electron capture cross-section of interface states with density
Np, and a plot of InJ, versus 1/T has an activation energy of q¢p; or (2)
the thermal velocity of an electron is smaller than sj, so that the current is
limited by the diffusion of holes to the interface, in which case J, follows the
expression for thermionic emission:

Jo = AT? exp(qp /kT) = (4mgm;, /h3)(kT)? exp(—qop /kT) (1.23)

and a plot of In(J,T~2) versus 1/T has an activation energy of q¢p.
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Tunneling limited recombination through interface states without
thermal asststance

Electrons from the n-type material descend through interface states and then
tunnel [Process (3) in Fig. 1.13] through the base of a barrier of height F,
into the valence band of the p-type material. A simple model for this process
involves tunneling at the base of a parabolic barrier (Riben and Feucht, 1966).
The junction current in this case is

Ju = Jo[exp(a/kT — 1] (1.24)
with « = (47/h) (em*/N4)'/? independent of temperature, and
Jo = qp(kT/m*)"? exp(—avp) (1.25)
so that a plot of In(J,T~!/2) versus o has an activation energy of q¢p.

Thermally assisted tunneling through interface barrier

This model is similar to the last except that holes tunnel through the barrier
into electron-occupied interface states at a hole energy enhanced by thermal
excitation (Padovani and Stratton, 1966). The current is given by

Jiat = Jolexp(ag) — 1] (1.26)
with
Jo = Jooexpl—a(ép + Efp)] (1.27)
with Ey, = Er — E,,
o = q/[Eoo coth(Ey /kT)) (1.28)
Eoo = (gh/4r) (N4 /em})'/? (1.29)

Joo = ({4mqgm* (KT)2x 2 EX2(q(¢p — ¢))/?}/{h3kT cosh(E,,/kT)
x [coth(E,o/kT)'/?}) exp[-Ep(1/kT — 1/E,)) (1.30)

with E, = E,, coth(E,,/kT). This model results in an « that is weakly
temperature dependent. A plot of In{J, cosh(E,,/kT) [coth(Eo,/kT)]*/?/T}
versus « has an activation energy of (¢¢p + Eyp).

Tunneling processes commonly dominate junction currents in heterojunc-
tions, particularly in experimental systems and at lower temperatures. Exam-
ples of heterojunctions in which this model appears to appropriately describe
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the data include n-CdS/p-Zng 3Cdo 7 Te (Peters et al., 1988), ZnO/CdTe (Ara-
novich et al., 1980), and ZnO/InP (Eberspacher et al., 1984).

1.5. Photovoltaic Materials

The various chapter titles in the remainder of this book indicate the materials
that have played a major role in photovoltaic solar energy conversion. Single
crystal materials may be useful in high-technology, relatively expensive cells
to be used with concentration of sunlight. In single crystal form only Si,
GaAs, InP, CdTe and CulnSe; can be used in photovoltaic devices to produce
efficiencies greater than 10%, and of these only Si and GaAs, and solid-solutions
based on them, are considered seriously for terrestrial applications.

This situation calls attention to the importance of thin-film technology in
producing thin-film photovoltaic cells for terrestrial applications. In thin-film
form, a-Si:H, CdTe and CulnSe; are the leading candidates for solar-cell ap-
plications. The thin-film technology used must pay particular attention to the
processing costs associated with large-area production. Not only are thin films
needed for the active solar cell layers themselves, they are also needed for win-
dow materials, anti-reflection coatings, passivating coatings, and transparent-
conducting contacts (e.g. CdS, ZnCdS, ZnO, SnO, SnO3, Iny03, and indium-
tin oxide (ITO)). Decisions have been needed on whether to produce these films
by one of the standard methods such as vacuum evaporation, non-reactive or
reactive sputtering, electron-beam evaporation, molecular beam epitaxy, and
chemical vapor deposition, or by one of a set of developing techniques, such as
close-spaced vapor transport (Nicoll, 1963; Saraie et al., 1972; Yoshikawa and
Sakai, 1974; Buch et al., 1977), spray pyrolysis (Chamberlin and Skarman,
1966; Ma et al., 1977; Ma and Bube, 1977), and electrochemical deposition
or plating (Panicker et al., 1978). The references cited here indicate some of
the earlier investigative work; more recent work is described in the following
chapters. An assessment of polycrystalline thin films for solar cell applications
as of 1982 is summarized by Rothwarf (1982).

Because of the limited number of different materials, research has attemp-
ted to broaden the range of possible materials by focusing on solid solutions
between these and related materials: e.g. a-Si:C:H, a-Si:Ge:H, CuzAg;_,InSes,
CuGagln; _;Se;, GalnPs, Zn,Cd;_,Te, and Mn,Cd; _,Te. Although in prin-
ciple it is possible to design “ideal” photovoltaic systems with ideal band gap
and no lattice mismatch at heterojunction interfaces, by resorting to more
complicated ternary, quaternary, pentenary, and even more complex systems,
the materials problems entering in these more complex systems appear to be
a serious limitation.
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A major attempt at increasing efficiency with the limited number of mate-
rials available has led to the development of multijunction cells, in which two
{or more) different cells are used together in series to more efficiently absorb
the light. Although the measured efficiency for such a multijunction cell can
be expected to exceed that of either cell used separately, it is clear that effi-
ciencies do not simply add in such a multijunction cell, since only a fraction
of the incident light reaches the lower cell. The ideal situation would be to
use a large number of such cells in a multijunction such that each cell could
effectively absorb light only within a narrow range of its band gap. Examples
of early multijunction cells with two components, and the efficiencies achieved
are: GaAs/Si (31%) (Gee and Virshup, 1988); GaAs/CulnSe; (21.3%) (Stan-
bery et al, 1977; Kim et al., 1988); AlGaAs/GaAs (24-28%) (Lewis et al.,
1988; Virshup et al., 1988; MacMillan et al., 1989); a-Si:H/CulnSe; (15.6%)
(Mitchell et al., 1988); a-Si:H/a-S1:Ge:H (13.6%) (Guha 1989); GalnPs/GaAs
(25%) (Olson et al., 1989). As we shall see in our later discussions, the struc-
tural complexity of even these two-component multijunction cells is often not
trivial.



