CHAPTER 3

THEORETICAL ANALYSIS OF
HETEROJUNCTIONS

As previously described in / heterojunction, in general is defined
as the interface between Wﬁml als If the two semiconductors

involved have similar ty the junction is called isotype

heterojunction, otherwi ctlon This chapter outlines

the theoretical bac “Mo/Cu(In,Ga)Se,/CdS/ZnO

heterojunction thin fil
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small band-gap abs - material is ' g the surface recombination.
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The use of hetermunct:&: expands the semiconductor Haterlal possibilities for solar
photovoltaics. ﬂ ij[Q;jmctlons are generally
dominated by f nio{:ena in the 1nter ace reglon e current transport in the
dep‘“"’"a?‘w*] GNLE mm PROPpB apf o conbinaion

of tunneling and recombination involving energy levels near the interface.

3.1.1 Energy band profiles for p-n heterojunction *

The typical band diagrams for p-n heterojunction are given in Figs. 3.1-3.3,

where the p-type material is assumed to have a smaller band gap than that of the
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n-type material. A variety of complex phenomena can occur at the junction
interface, following the Anderson abrupt-junction model.

The two semiconductors are assumed to have different energy gaps E,,
different dielectric constante, different work function ¢, and different electron
affinities . The electron affinity and work function of a given semiconductor are

defined, respectively, as that energy required to remove an electron from the

conduction band and from Fe / ition just outside the material.

Various possible e rofiles and related information

for p-n heterojunctions

Case 1 anisotype j or valence band spike *

Conditions: y, <y, <y

Current-voltage relation: /= Bexp{ = )—1] , (3.1)

where V), and V,, are‘ the electrostatls)potentlal supported at equilibrium by

S—ETETRRE
" ’Qﬁ’laﬂﬂ‘imilﬁ mas

B = agXN ,,

where X is the transmission coefficient for electrons across the interface, a is the

junction area, D, and z,, are diffusion constant and life-time, respectively.
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ofile case I .

N \
Case I presents configutatior a solar cell, with the desirable

assumption that z, < z,, : rg y e does not occur in the conduction

duction b@ spike (V,, > AE,.) *

For the p lﬁrﬁ m m ijﬁ.ll be electrons because
the barrier for el@! ﬁh 1
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Case 11 anisotypmunctl 1V

HtEy <y, +E,,

Neglecting the generation-recombination current, the current-voltage relation

I =Bexp[—q(V’;k_;‘£C—)]x[exp(i;{) ]] , £3.2)

is given by
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where 7, and V, are the portions of the applied voltage appearing in p- and n-type

semiconductors, AE. =y, -y, ,V,,V, and B are the same as in case I. Under

forward bias, V), -V, < AE,. :

Fe Bexp[— g(:%)-]xl:exp(%)—exp(— %)] . 3.3)

Figure 3.2: quiiit Jid -\:_ and profile case IT .

o
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Case 111 anisotype junetion with conduction band spike (V,, < AE,.) :

contins £ ANUNTNENS
AWTRINIUUNINGAY

gl<12+ g

Neglecting the generation-recombination current, the current-voltage relation

I= Bexp[— q(:;z ) ][exp( qkl;z ) - exp(— 3‘—;{')] , (3.4)

is given by
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ile case III .

=B —__ﬁ_ . (3.5)

In case III, hole lmmsport acro c interface tomcombination in the n-quasi

neutral region is El&?jlﬁ Wﬁwmm ?Tﬁt because of the large

barrier for holes.

PIAINTUNMINGA Y

3.1.2 The Effect of Interface States on Electrical Properties of

Heterojunction

The presence of a large density of interface states provides two mechanisms

in heterojunctions:
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L. The charge stored in the states distorts the band profile, raising or lowering
the conduction bands at the interface with respect to the equilibrium Fermi level, the
magnitude of the charge can be measured by capacitance-voltage (C-V) techniques.

2. The states provide a large density of recombination centers result in the
high dark diode current values observed.

In many cases, the extremely high density of charged states at specific
energy levels at the surface is suffici pin the surface (or interface) Fermi level
at that energy. In general, tlj % pinning the Fermi level at a free

~ I

surface are different, de sarrier type (acceptor-like for n-

type and donor-like for p-

-,_';_;_,\ .
3.1.3 Transport 1 in he \on solar cell

Analysis of thin rysta junction solar cells involves the

current loss mechanism d profile.

It is assumed that ent-voltage characteristics can be

a

)

%=Jo exp + - (3.10)
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saturation ‘current, and A is the diode ideality factor. The magnitude of the two

written as’

(3.9)

current-loss terms depends on the voltage across the junction Vs
V,=V-RJ, (3.11)

where V is the voltage across the load and Jis the current through the load. The

interpretation of experimental data has been accomplished with one diode like term
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and a shunt resistance term. To achieve a high efficiency solar cell, the diode
current J,, must be made as small as possible.

The J-V parameters, J, and 4 vary with temperature or have characteristic
values which suggest the dominant current loss mechanism. In all p-n junction,
several current transport mechanisms (transport of holes and electrons across the
depletion region) can be presented at the same time. Such transport mechanisms in

the forward bias direction incl f carriers over the junction barrier,

recombination of holes and

r: -L 4

w depletion region, and injection of

carriers up a portion eling into energy states within

the band gap.

n"mpe 4 type

windowiayer absorber layer
i
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Figure 3.4: Enérgy band schematieg: of the diode current in a heterojunction cell.
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the recombination current within the space charge region; and (3) the recombination

current at the metallurgical interface ®.

Figure 3.4 shows the possible current transport mechanism in forward bias.

The following describe the three current transport mechanism:
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1. Injection currents

The injected current component consists of electrons injected from the n-side
over the potential barrier into the p-side, where they diffuse and drift away from the
junction. The current component also consists of an analogous current due to holes
injected from the p-side into the n-side. After injection and diffusion, recombination

finally occurs away from the junction. The injection current can be expressed as °

(3.12)

(3.13)

where, in the p-type ma r density, N, is the acceptor
density, L, is the electr
2. Space charge region

When a p-n junct ons from the n-side and holes

——

yog, hese car

region resulting in¥ gn—incrcase—in—the—daik—curan ‘through the device. The

recombination rate qjmé sion

respectively. At the same time-

oxﬂShockley-Read—Hall (SRH)

recombination via a single. trap within the band gap (as previously described in

chapter 2). The%auiirga S P W Elodfk @ be expressed as ®
PRITIEEIIANeaY o

J = qni
’ (rno TpO ? 4(¢ - V)

(3.15)

where w is the width of space charge region, ¢ is the potential barrier, z,, is the
electron lifetime and 7, is the hole lifetime. The value of diode ideality factor 4

is approximately 2 and independent of temperature. For an exponential defect

distribution, A4 is temperature dependent and lies between 1 and 2.
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3. Interface recombination current
The interface of metallurgical is expected to be characterized by a high
density of band gap states. The recombination occurs through interface states. The

interface recombination current can be expressed as °

i =Jo|:exp(%)_l]' (3.16)
n (N, > N,), the diode ideality factor 4

For an asymmetrically dope v t)w
is constant and can be expr i //

Z.

= a7

where N, is the density i ensity of donor.

The third type ‘ ote= onent can exist under two

recombination velocity s, i er : he thermal velocity of electron v, . In this
1 peL th

-‘:: 2y ’;j;’ t . . . . .
case, J, can be expressed as the-expression for thermionic emission;

(3.18)

- As the interfa&necombination%lociﬁ ;51 ﬁ %mller than the thermal

velocity v,,, Joﬂnuaplgﬁ LW] j 'W
CRERETE G TR TRNE TR

where S, is the electron capture cross section of interface states, N, is the density
of interface states.

The interface recombination current in Fig. 3.4 can exist under the interface
recombination with tunneling situation. Since various traps may involve in the

recombination at interface states, tunneling effects will dominate. Considering
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although the band bending works as barrier for holes tunneling into interface states,
the holes with energy enhanced by thermal excitation can tunnel through the barrier

into electron-occupied interface states. The current is given by °

qV
S =, § 3.20
= e L2 )1 (3.20)
with
(3.21)
(3.22)
(3.23)
where E, is the activatio stic tunneling energy, & is
the semiconductor’s nneling processes commonly
dominate junction currents
As shown in Fig. 3 4 theﬁ trib .. ions to dark current or diode current
—--i". .--‘.-’ {: —
J,, come from the u,\}cted electron cnn‘_ﬁ ation current in the space
charge region, and the. inati “metallurgical interface By

measuring J,, as a functlon of temperature and voltage the differences in 4 and ¢

et s 5 B ot 1, e

height can usually be found by measuring ¥, asa, function of temperature.
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3.2 Cu(In,Ga)Sez-Based Heterojunction Solar Cell

Among the more complex materials, the I-III-VI, compounds as well as their
alloys, such as CulnSe,/CdS and Cu(In,Ga)Se,/CdS, are the most potential

candidate for photovoltaic applications because of their demonstrated high solar
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efficiencies 18.8% on the laboratory scale ' '2. CulnSe, has a direct band gap of
1.04 eV. Its chalcopyrite structure with lattice constant a = ¢/2 = 5.782 °A makes a

good match to wurtzite CdS with a = 5.850 °A with only 1.2% lattice mismatch °.

del and the band diagram of
Fig. 3.6.
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Figure 3.6: (a) The different layers of a ZnO/CdS/Cu(In,Ga)Se, heterojunction

solar cell. (b) Band diagram of the heterojunction e

Figure 3.6 (b) shows the band diagram of the ZnO/CdS/Cu(In,Ga)Se,

heterojunction with the conduction and valence band energies E. and E,, an
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applied bias voltage V. ¢/, 4, denote the barriers for holes and electrons. AE,, is

the energy distance between the Fermi level and the conduction band energy at the

CdS/Cu(In,Ga)Se, interface. AE;” and AEZ are the valence band and conduction

band discontinuities at the buffer absorber interface.

Cu(ln,Gc:)Se2
CdS

R Rec ombination

.'. on
L\

ey ¥
Figure 3.7: Band diagram under

J'l"':-'f ‘
paths. The dotted arrows indicate iu hanced process, both at the interface
ﬁ%g s l_"_r—-_, -

voltage showing the recombination

and in the space char ‘ZICW

‘ﬂocesses in the ZnO/CdS/

Cu(In,Ga)Se, iﬁ‘w pj w yf] ﬂenjtunneling enhanced

recombination in ¢the space charge reglon and tunnehng enhanced interface
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1. Tunrdeling enhanced interface recombination

Figure 3.7 showw the recombination current

At the buffer/absorber (n*-p) interface where the electron concentration is
larger than the free hole concentration, the large density of electron is available in

the buffer layer. The resulting recombination current can be expressed as Egs.

(3.20) - (3.23).

T 2069166 X
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2. Tunneling enhanced bulk recombination
Assume an exponential distribution of recombination centers with maximum
at the valence or conduction band edge. The recombination current depends on the
density of defects in the bulk of the absorber material and on the built-in electrical

field at the junction. The recombination current density via recombination centers in
14,15

the space charge region is given by

(3.24)

(3.25)

more significant and the s.xgession for 4 deviates from Eq. (3.26).

o I T W R
ama@nifﬁ mIngnsy o

where E =kT" is the characteristic energy of an exponential distribution of trap

1/2
. - " N
states and with the characteristic tunneling energy E,, = (q_zh)(__,,_] .
m'e,

Equation (3.27) describes the diode ideality factor as a result of tunneling

enhanced recombination of electron hole pairs via an exponential distribution of

recombination centers.
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The dependence of the open circuit voltage ¥, on the recombination

mechanism is >

- Ale[J J—E—-A—le [J ] | (3.28)
q JOO q q Jsc

If 4 andJ,, in Eq. (3.28) are independent of temperature, the extrapolation

to T =0K ofthe ¥,  vs T plot gives the activation energy E, which is the barrier

height ¢/ for interface recom ut tunneling. However, as soon as

tunneling becomes impo ature dependent of 4, E,is the

band gap energy. A i , of t perature dependence of the
diode ideality factor is r or not tunneling contributes

significantly to recombi

I have briefly ¢ general band diagram of heterojunction solar

= X
cells, the recombination current ding the current transport model in
Zn0O/CdS/Cu(In,Ga)Se, l}citgojunction solgr}cell. From this model, it will be used to

analyze the J\ﬁu%%} ultibg ﬁr%@stwj&l ‘abd femperature dependent J-V

measurement in Elhapter 3.
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