Appendix A

Currents in Silicon Homojunction
and Silicon-Organic

Heterojunction Diodes

A.1 Introduction

In state-of-the-art silicon solar cells made on high-quality wafers, surface recombina-
tion is the dominant loss mechanism. Typically, p-p™ (high-low) junctions are used
in these devices to reduce surface recombination. However, the performance of these
high-low junctions is limited and their cost of fabrication is high.

We are interested in the use of silicon/organic heterojunction to reduce carrier
recombination at the Si/metal contacts. In this chapter, analytical expressions for the
pre-exponential constant for the forward-bias current in a Si/organic heterojunction,
Jo, are derived. Using these expressions, the effectiveness of the heterojunction in

reducing the minority carrier recombination can be gaged.
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A.2 Basic equations and nomenclature

A review of the important equations and nomenclature that is followed in this docu-

ment.

e Using Boltzmann distribution, hole (p) and electron (n) concentrations in terms

of quasi-Fermi levels (Ey, & Ey,,) are expressed as

) = s (BBl o (DB}

kT kT

n(z) = N exp (Ef”(x)k_TEC<x>> — n; exp (Ef”(x)k; Ei(x)) (A.2)

At equilibrium the two quasi-Fermi levels are equal to the Fermi level Ey.

e Continuity equation for holes and electrons in one dimension

dple) __1dJy(a)

W) — S LGy - Byfo) (A3)
dn(z)  1dJu(z)

where G and R are generation and recombination and J is the current density.

The subscript p or n indicate whether the carriers are holes or electrons.

e Hole and electron currents (J, & J,, respectively) can be further expressed in

terms of drift and diffusion components as

To(2) = anp()E() — gD, P (A5)
1,(x) = pn()E(x) + gD, "0 (A6)

dx
where £(z) is the electric-field at distance z, u, & p, are the hole and elec-

tron mobility, respectively, and D, & D,, are diffusion coefficient for holes and
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electrons, respectively. The currents can also be expressed in terms of the quasi-

Fermi levels

@) = () 2220 (A7)
To(x) = pan(a) 0D (A8)

Using the drift-diffusion equations, (A.5) and (A.6), we can simplify the conti-

nuity equation, (A.3) and (A.4), to

dp() d&(x)

a —ppp() de 1€ () d + D, du? + Gy(x) — Ry(z) (A9)
dz(t@ = +pan(z) di? + 1€ () dT;i@ + Dnd;;(f ) 4 Go(2) = Ro(z) (A10)

According to SRH theory, the net rate of recombination of carriers (U) due to

midgap traps at energy F, is given by

—n?
U=R-G= (pn ”Z>Et_E_ (A.11)
[p + n + 2n; cosh (Tl)] T
where the carrier recombination lifetime (7) is given by
1
T = A.12
Nyvenpo ( )

Here vy, is the thermal velocity of carriers and N; is the density of midgap
defects. The equation assumes equal hole and electron capture cross-sections

(po). As long as

E, - E;
Qnicosh( tk; ) << Np,Ny

the hyperbolic cosine term drops out (Np, N4 represent extrinsic doping lev-
els of n and p-type semiconductor). For the n-doped semiconductor Np >>

n;,n?/Np. So at low-level minority carrier injection n ~ Np and the expression
Y 1
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reduces to

U—p—G= 2= (A.13)

T

Where pg is the hole concentration at equilibrium. Similarly for the p-doped
semiconductors with equilibrium hole concentration of ng, the net recombination
rate is given by

n—ngp)

U—R-G-! (A.14)

T

e According to the Thermionic-Emission theory, the current across an abrupt
junction, where Eco > F¢ 1, has two opposing components. One going from

layer 1 to 2.

EC 2 — Efn 1
Jiso = — Ao T7 ——=
1-2 1,24 = €Xp ( LT )

And the other going from 2 to 1.

EC 2 = Efn 2
J. — — A, T2 _ b e
251 1,24~ €xXp ( LT )

Here A, 5 is the Richardson constant for the heterojunction between material 1

and material 2.

Jas1
P —
Tis
- Eco
Ec
__________ Ejs
By --mmeemee
Material 1 | Material 2

Figure A.1: Currents due to thermionic emission of electrons across a barrier due to
an offset in the conduction band
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A.3 Current in a n-p Homojunction Diode

In this appendix we will consider only the electron current. The case for hole current
can be derived in a similar way:.

For a simple n-p junction diode, with uniform abrupt doping and infinite recom-
bination velocity are the Si/metal interface, the current equations are well known.

The current due to electron injection from the n into p-region is given by:

n; D, p Wp
Jonen = —q——""" coth av/kT _ q A.15
s p qNA7P Ln7P CO Ln,P (6 ) ( )

Where L, p is the diffusion length of electrons, D, p is the diffusion coefficient of
electrons, N4 p is the doping level, and Wp is the width of the p-layer. The subscript
P refers to the fact that these values are for the p-doped layer of the p-n junction.
For the case of a short base diode, when diffusion length L, p >> Wp the junction

depth, this further simplifies to

TL2 D P
T — g | —i b (dV/RT
n—p,SB q |:NA7P WP :| (6 )

2
’D,,
— _q”zG_PJ’(qu/kT —1) (A.16)

where G'p is the integrated base doping (in cm™), also called the Gummel number. The
equation represents the base case for a solar cell dominated by surface recombination.

For the case when the recombination velocity of the Si/metal interface is finite
(Smetat), the carrier concentration at the silicon metal junction, n(Wp), is not pinned

to zero. This changes one of the boundary conditions and relation for electron current

changes to:
2 D 14 Smetal# coth II//V—P
J — U n,P n,P n,P qV/ET 1 A 17
n,n—p—metal q L (6 ) ( : )
NA,P Ln,P coth WP n,P

me + Smetal m
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In the limit of Syt — 00, the relation reduces to (A.15). For the short base case

when L, p >> Wp the relation simplifies to

~ _ gt " qV/ET
Jn,n—p—metal ~ —q GP D (6 1) (AlS)

n,P
1 + WP Smetal

A.4 Current in a n-p-p7 Homojunction Diode

Before analyzing the more complicated heterojunction, an analysis of the n-p-p*
structure will be instructive. As before only expression for the electron current will
be studied. We will refer to the n,p and p* regions as N, P and P respectively. All
variables will have one of these labels in the subscript to indicate the layer to which
they refer to. For example, the doping and thickness of the P and P layers are given
by Na,p, Wp and Ny p+, Wp+, respectively. Fig.A.2 shows the band diagram of the

structure.

N Layer

SC1 Layer

Figure A.2: Band diagram of a general n-p-p* homojunction, showing the three
different layers:N, P and P*. Also shown is the
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A.4.1 General Solution

By definition, £(x) = 0 in the quasi neutral region in the P region (where the electrons
get first injected from N region). Assuming a constant doping profile in the P region
with an effective carrier lifetime of 7p and using and (A.14), the continuity equation

(A.10) simplifies to

2 _o0=D - (A.19)

The solution to this differential equation, in terms of the excess minority carrier

density n/(x) = n(x) — ng, is

n'(z) = Ae~/Enp 4 Bet/tn.r (A.20)

Two boundary conditions are required to solve this second order equation. Once the
expression of the excess minority carrier density (n’(x)) is known, the expression for

electron current can be easily found out using (A.6).

A.4.2 Boundary Conditions

The boundary condition, at x = 0, is known

2
'(0) = npg(0) (&5 /M — 1) = P (efVse M) (A.21)
Nap

where Vg is the voltage drop across the space charge region, SC1 (the depletion
region of the p-n junction). Practically this value is very close to the applied external
voltage V', i.e. Vgor = V.

Unlike the boundary condition at = 0, the boundary condition at x = Wp
is more complicated due to the presence of the p-p* junction. To find the second

boundary condition, we need to estimate the current across the p-p* interface (z =
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Wp). There are two components to the current across the p-p* interface a) the current
due to injection of electrons from the quasi neutral P region into the P* region and
b) the current due to recombination in the space-charge region of the p-p* junction

(region SC2).

A.4.3 Current across the p/p* junction

The current due to minority carriers injection into the P* region can be calculated

from the continuity equation (A.10)

dn@) 5 @nle)  (n(x) —npeo) (A.22)

dt i dx? Tp+

Assuming that the recombination velocity of the Si/metal interface is infinite, we can
state that the excess minority carrier density at the Si/metal interface is zero, i.e.
n'(Wp + Wsea + Wp+) = 0. Under this boundary condition, the electron injection

current in the P region comes out to be

D, 4%
Jnpt = —qn'(Wp + Wseo) L7 coth —2°
’ Ln,P7L Ln,PJr

(A.23)

Where, n'(Wp + Wsea) is the excess minority carrier density at © = (Wp + Wgea).
The negative sign signifies that the current flows in the negative x direction.

To solve for current due to recombination in the SC-2 region, apply the continuity

equation
dn(x 1dJ,(x
d(t ) =0= p di’ ) + Ghso2(x) — Ry soa(x)

J. pt Wp+Wsca

= / dJn = C]/ _(Gn7502($) — Rn7502<l’))dl’
(Jn,SCQ+Jn7P+ Wp

Wp+Wsca
= Juser=a [ (Grsea(®) — Rusen(w))da (A.24)
Wp
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Here the current J, sco is the additional current due to recombination in the space
charge region SC2. To estimate the integral, the recombination rate in the space

charge region of the p-p* junction is required. Let’s make the following assumptions

1. The potential drop across the region, A, is constant even when external voltage

is applied and given by the equation

N
A= My, < A”’*) (A.25)

The negative sign implies that the voltage drops across the p-p* junction.

2. The quasi Fermi levels are approximately flat in across the SC2 region

Efn(x) = Efn<WP) = Efn(WP + Wscz)

Epp(x) = Ery(Wp) = Erp(Wp + Wsc2)
Using the Boltzmann statistics,(A.1) and (A.2), this translates to

Bt (Wp) — Ep,(Wp)
kT

n(Wp)Nap =n(Wp + Wsc2)Na p+ = n; exp

Nap
Nape
Nap
Ny p+

= n(Wp -+ WSCQ) = n(Wp)

= n/(Wp + WSCQ) = n/(Wp) <A26)

3. The voltage, ¢(z), in the region is a linear function in z ie. for Wp < 2 <

WP + WSCQ
A

= o (2= W) (A.27)

¢(x)

And the the carrier concentrations vary exponentially, given by

p(z) = Napexp <—qﬁ#) (A.28)
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n(z) = n(Wp) exp (%@) (A.29)

Using the above expressions in SRH recombination equation (A.11), the net rate of

recombination can be calculated

_p_ (pn —n?)
U=R-G= [p—l—n—i—incos (EtkTE )} Tsc2
—n?

~ (pZTSCZl) (4:50)
_ 1 n; q9(x)

 Tseo (n(Wp) - m) b ( kT )

1
= P (n(Wp) — npp) exXp (qig{?)) (A31)

Putting this relation into (A.24) we can estimate the space charge region current

In,sC2

q(n(Wp) — npo) /WPWSCZQX (W( >)dm

TSC2 Wp kT

g’ (Wp) KT W gA
= — — exp|-—==)—1
TSC2 q A kT

_ qWSC2 kT (W) ( Nap 1)

Jn,sc2 = —

TSC2 (JA Na,p+
WSC2 kT
~ + W,
TSC2 qA ( P)
Wsco kT
74 A.32
e v (A32)

Please note is that since A is negative so the absolute value of the current is also
negative. Now that both the components of current at the interface x = Wp have

been calculated, the second boundary condition can be derived.
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A.4.4 Final Expressions

Using (A.23), (A.32) and (A.26) the boundary condition at the z = Wp is

Jon(Wp) = (Jnp+ + Jnsc2)

dn(x) NAP Dn P+ Wp+ Wgcg kT
= Dn =—n W ’ ’ th
T o=Wp (We) (qNA,P+ Ly p+ 0 Ly, p+ * Tsca2 q|A|
/ /
:dn () L (Wp) —0 (A.33)
dx z=Wp me
where H N . w
n,Pt A,P P+ SC2 kT
Ln P+ NA P+ coth Ln P+ + Tsc2 q|A|
a=—" : : (A.34)
Dn,P
Ln,P

Using the two boundary conditions, (A.21) and (A.33), we can solve the constants

in the general solution, (A.20), to get

cosh (M/Ln;x> + asinh < fn_ :c)
'(0) (A.35)

P
cosh (IIJ/VP) +asinh(Wp)
n,P n,P

Using (A.6) the electron current is

=

n'(r)=n

h

at x = 0 we get the value of total electron current

1%
Dyp 1 + accoth (Ln,P>

Lnp coth <II-J/VP) +«
n,P

At a value of @ = 1 the equation reduces to long base diode case. So « tells us

(A.36)
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whether the p-p™ junction reduces (o« < 1) or increases (o« > 1) the current w.r.t the
equivalent long base diode with only the lightly doped P region.
Another interesting interpretation of o can be in terms of the recombination ve-

locity. The surface recombination velocity (SRV), s, of a interface is defined as

U=R-G=sn

Looking from the P region toward the p/p* junction, we observe a rate at which
minority carrier recombine at the p/p™ junction. For purposes of comparison, one
can characterize this recombination in terms of an effective SRV of the p/p* interface,
Sppt+.eff, Which is given by

U= sppterrn(We)

This rate of recombination must be equal to the electron current flowing across the

interface £ = Wp. Thus

dn'(z)

= -D
U(WP) n,P dl’

.T:Wp

Dn,P «

Ln,P Wp . WP
cosh (Ln,P+> + asinh (Ln,P+

= S+ — _D"vp.a = Dn’P+ NA’P coth W+ + Wiscs *T
S LA Ly, p+ Nap+ Lup+  Tsoz q|A

= Sppt.erfn(Wp) = n'(0)

(A.37)

A.4.5 Interpretation

For the purposes of this study we are interested in the special case when surface recom-
bination dominates bulk recombination. We will now examine the expressions for cur-
rent and effective surface recombination velocity in the case L,, p, L, p+ >> Wp, Wp-+,
i.e. diodes are in the short-base condition. The expression for a and electron current

in this limit reduces to (subscript SB refers to the short-base condition).
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Ln,P
Wp + «
’ Dn,P Ln,P
Jn,n—p—p*,SB = —qn (O) I b W
n, P
1+« (Ln,P>
n2
— . (eTV/FT — 1) (A.39)

_qu/DmP + Gp+/Dn7p+

where Gp and Gp+ are the Gummel numbers for the P and P* layer respectively.
Compared to the simple n-p junction short base diode given by (A.16) the currents

are reduced by a factor of

A 1
nnppt S8 _ (A.40)
Jnn—p.SB 14 GptDnrp
) s Dn’P-‘rGP

Using (A.38) the effective SRV expression will be

DnP l)n,P+ NA,P o Dn,PJFNA,P

Syt e = —a = = A.41
ppteff,SB LmP Wp+ NA,P+ Gp+ ( )

For a typical p/p™ junction in a solar cell, 1ym thick 10 cm™ doped p™ layer and

a 10 cm™3 doped p-layer, this number comes out to be,

2 10%6

Sppteff ~ 101100 em/s =20 cm/s (A.42)

Similar values of s, ,+ .fr Were calculated in Fig. 2.6a.
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A.5 Current in the n-p-organic Heterojunction Diode

A.5.1 The Silicon/Organic Heterojunction

Next, the highly doped layer is replaced by a wide bandgap material, say an organic
semiconductor. The resulting band diagram is shown in Fig. A.3. We will refer to the
n,p and organic regions as N, P and Organic respectively. All variables will have
one of these labels in the subscript to indicate the layer to which the variable refers

to. We start with the following assumptions.
1. The organic has a larger bandgap than silicon, i.e. Eg oy > Eg g

2. The organic layer is so thin that there is no band-bending in it, i.e. in the
organic layer £ = 0. Here we are also ignoring any voltage drop across the
organic due series resistance. In terms of mathematics this means that the
drift component of current in the organic is zero and current flows only due to

diffusion.

3. The offset in the VB is zero so all the difference is at the CB i.e. AEy, = 0 and
AEc = (Egorg — Ea.si).

4. The current across the heterojunction follows the thermionic emission theory.

A.5.2 Boundary Conditions

The approach to the problem remains the same as in the case of n-p-p* Homojunction
Diode (Section A.4). Two boundary conditions are needed to solve the second order
equation (A.20). One of them, at x = 0, is given by (A.21). The other, at x = Wp,

has to be calculated by estimating the current flowing across the heterojunction.
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S, Organic Layer
ayer

N Layer

SCI1 Layer

Figure A.3: Band diagram of a general n-p-organic heterojunction.

A.5.3 Current Across the Si/Organic Heterojunction

At Si/organic interface (x = Wp) the minority carrier current is composed of two
components a) the current due to surface recombination at the Si/organic interface,
characterized by the recombination velocity, Ss; org and b) the current due to electron
injection into the organic layer. The current due to the recombination at the interface
is given by

‘]n,SRV = _qn(WP,Si)Ssi,org <A43)

where n/(Wpg;) is the excess minority carrier concentration in the silicon region at
the Si/organic interface.

The expression for diffusion current in the organic layer is also relatively simple.
Assuming the continuity condition is valid, we get a similar equation for the minority

carriers current as obtained in (A.23).

Dn or WO/I"
Jnorg = —qn' (Wporg) —2 coth g (A.44)

n,org n,org
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where n'(Wp ) is the excess minority carrier concentration in the organic region at
the Si/organic interface. For complete description of the second boundary condition,
we only need to relate the minority concentrations at the two sides of the Si/organic
interface, n'(Wpgs;) and n'(Wpog).

According to Boltzmann distribution (A.2), the minority carrier concentration

across the Si/organic interface should satisfy

n(WP,Si) o NC,P Efn,P - Efn,org AEC
- exp exp
n(WP70Tg> NC,org kT kT

n/(WPSi) NCP EfnP - Efn org AEC
sy ¢ 7 ’ A4
T W Wrorg) . Newrg T KT xp | 57 (A.45)

Here we assume n'(Wpg;) = n(Wp,g;) and n'(Wporg) = n(Wporg). Unlike homojunc-
tions, where quasi-fermi levels are always continuous, the quasi fermi-levels are not
required to be continuous across a heterojunction. To calculate the change in the
quasi fermi-levels across the Si/organic interface we need to use Thermionic Emission
theory.

At the Silicon-organic interface net current flow of current across the interface

(Jn,pesorg) due to Thermionic Emission is given by

Jn,P(—)org :JSi%org - Jorg%Si

ECor _En,
exp (— : ng f P)

ECor _En,or
—exp(— ,ngf g)

W or E n - E n,or
=- ASi,OTgTQ—"SVCP’ o) {exp( Pt 9) - 1} (A.46)
IOTg

2
= - ASi,orgT

The injected minority carrier (electron) current given by (A.44) has to be equal to
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the current predicted by the Thermionic theory, given by (A.46). So

W or E n - kK n,or Dnor Wor
_ASi or TQM exXp /n.P fnorg —1| = —qn' WPOT o9 coth J
,org NC ]CT ,org

70Tg

EfnP - Efn org Dn org NCorg Worg
= : : =1 —= ——— coth
P ( kT * 1 Ln,org An,2T2 Ln,m’g

(A.47)

Ln,o'rg Ln,org

Plugging this value back into the Boltzmann relation given by (A.45), we get the
relation between the minority carrier concentration on the two sides of the Si/organic

interface.

Neor 1 AE
n(WP,OTg) B n(WP’SJ . Pg Dn org NO org Wo’r‘g P <_ k)TC) <A48>
A1+ qmm coth —%L&

Ln,org

Plugging the values of n(Wp ) in (A.44), we get the final expression for the electron

diffusion current in the organic layer

kT

Dn or WOT N or 1 —i
Jnorg = —qn' (Wpsi) —22 coth g Grorg e< <)

Ln org Ln org NC P Dn org NC org WO’/‘
) , S| ’ 29 coth d
T4 Ln,org An72T2 Ln,org

Typical values of Dy, orgy Linorgy Noorgs Asiorgs and T are expected to be 107° cm? /s,
10 nm, 10" ecm™3, 120 A /cm?K?, and 300 K. So,

DnorNor WOT —
org L1009 oth I ~1074 << 1

q 5 CO
Ln,org An,2T Ln,org

and hence the expression simplifies to

D Wor NC or (— AEC)
Tnorg = —qn' (Wp gi) —24 coth g ik kT A.49
o an ( s ) Ln,org «© Ln,org ( NCP ‘ ( )

)
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A.5.4 Final expressions

Using the expression for the two current components at the Si/organic interface z =

Wp, the second boundary condition can be derived

dn(x
Jn(Wpsi) = qunn(Wp,si)E(Wpsi) + C]DmP% = (Jn,srRV + Jnorg)
z=Wp s;
d Dn or N or el Wor
= qDpp Z(I) + qn(Wp.s:) 7 ’ g—]\f’ g€< ’“TC) coth —2%
x z=Wp s; n,org C,P n,org
+ qn(WP,Si)SSi,org =0
dn/ / ]
n'(x) y g esi Wrsi) _ (A.50)
dx 2=Wp,si Ln,p
where D N W
TRt et exp () coth 2 4 Siiory
6 _ n,org C,P n,org (A 51)
Dn,P ’
Ln,P

This is the same boundary condition that we derived in p/p* homojunction diodes,
except for the fact that parameter « is substituted with 5 in (A.36). Thus the final

expression of electron current in the heterojunction diode is

4%
D, 1+ B coth (an>

, )

Ln,P WP
coth (m) + 4

Jnip-org = —qn'(0) (A52)

In the previous section on p/p* homojunction we calculated the effective surface
recombination velocity of a p/p* back-surface field from the value of . 3 can also

be interpreted in similar way. Looking from the P region, the effective recombination
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velocity of the Si/organic heterojunction, Sgi orgefs, iS

Dn,P
SS’L org.eff — L ﬁ
Dn norg NC Jorg AEiC’ Worg
—= — th Ssior A.53
L'rL ,0rg NCP P ( kT “ Ln,org - Shorg ( )

A.5.5 Interpretation

For the case when lifetimes are long and the diode is in the short-base condition, i.e.
L, p,L,p+ >> Wp,Wp+, the expressions for electron current and 3 are given by

(subscript SB refers to the short-base condition):

/ Dn,P 1 i ﬁ( We )
Jn,n—p—org,SB = —qn (0) L P L P
"L (5e)

eV/KT _ 1) (A.54)

where

Dn,org NC,org <_ AE
ﬂ o Worg NC,P eXP

(A.55)

Looking closely at two terms in the numerator of 5, we can see that for a practical

Si/organic heterojunction with a Sg; .y > 1 cm/s and a band-offset (AE¢) of >0.5
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eV, the exponential term is inconsequential.

Dy, org Ncoorg AEq 107> ¢em/s10Y 10-9
——Zexp | — ~
Worg Neop KT 100 109
=10"%
<< Sp,org (A.56)

This calculation assumes D, ,,,=107" cm?/s, W,,.,=10 nm, N¢ ,,y=Nc p=10" cm ™3,

and Ly, org >> Worg. The expression for 3 then simplifies to

Ln,P
B ~ SSZ"OTgm <A57)
and the expression for current simplifies to
7%2 1 V/kT
Jnn—p—org.SB R —q—— (e —1) (A.58)
’ ’ GP 1 _|_ -DT’L,P
Si,orgWP

This is exactly the same expression as (A.18), which we derived for a finite recombi-
nation velocity silicon-metal contact, except for Sy,etq: has been substituted by Sg; org-
The fact that Sg; org is more important for calculating the current than AEq was also
shown in Fig. 2.6a, where the electron-current of a n™-p Si diode with a non-ideal het-
erojunction BSF (Sp,org #0) had a very weak dependence on the conduction-band
offset (AE¢). To a first-order the current was set by the value of Sp, org, irrespective
of AEc.

Another interesting question is - how big a band-offset if large enough for the

heterojunction to function as a BSF? Compared to the simple n-p junction short-
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base diode given by (A.16), the SOH back-surface field does better by a ratio of:

Jn,n—p—org,SB 1

= s (A.59)

Jn,n—p,SB

Since the ration is always less than 1, one can always expect to get a reduction in
current in a short-base diode by the use of a heterojunction.

A more interesting analysis would be to compare the performance of a p/p*t BSF
against a heterojunction BSF. Using the expressions for current in the two case of a

homojunction and heterojunction BSF ((A.39) and (A.58), respectively), we get:

GP+Dn,P
Jn,n—p—org,SB . Dn p+GpP (A 60)
Jnynfpip_'—:SB D

1
* SSZ orgWP
To outperform the homojunction the Sg; ory of the heterojunction should satisfy

1 + GP+Dn,P

Jn,n—p—org,SB o n P+GP

Jn—p—pt SB _Dnp
nn—p—pt,S 1+ SSlm"g

Gp+Dn’p < Dmp
D, p+Gp  SsiorgWp
D, p D, p+Gp
Wp Gp+Dn7p
 DypiNap
- Gp+

o 2x10%
1019 x 104

= SSi,orgWP >

em/s = SsiogWp =20 cm/s

(A.61)

Thus, to outperform a typical homojunction, the heterojunction should be able to
reduce Sg;org to less than 20 cm/s. The calculation assumes a 200pm thick p-type

substrate, with a 1 pm thick 10 ¢cm™ doped p* homojunction BSF layer.
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Figure A.4: A Si/metal Schottky junction diode at forward bias.
A.6 Current in the n-Silicon/Metal Schottky Diode

Currents in Schottky diodes are mostly due to majority carriers. The two well-known
approaches to derive current expression are: a) Thermionic emission theory and b)
the isothermal diffusion theory [166].

Assuming that there are no electron collisions in the depletion region of silicon,
i.e. there is no diffusion of electrons in depletion region of silicon, the currents are
limited only by the Si/metal interface.

ngbn
Jn,sz’—metal — An,siT2 |:€Xp <_ﬁ>:| (qu/kT - 1) <A62)

However, is we assume electron collisions are important, the diffusion currents cannot

be ignored and at quasi-equilibrium

2 1/2
q Dn,siNC,si 2qND,si(¢lm - V) q¢bn
Jn,sifmetal = LT |: . exp __kT (qu/kT . 1)

(A.63)

The two approaches were combined in to a single theory by Cromwell and Sze
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[32]. This new model takes into account both mechanism of current conduction -

Thermionic emission and electron diffusion.

qNC,siSmetal q¢bn V/ET
Jn,si—metal = W [exp <_k_T):| (€q / — 1) (A64)
epS1i

Sdepsi AN Spetqr are two parameters, with units of surface recombination velocity
(cm/s), that serve as the measures of current due to the two competing current
mechanisms - electron diffusion and thermionic emission, respectively. If sgeps <<
Smetal, Current is limited by the ability of electron to diffuse over the potential barrier
and (A.64) reduces to (A.63). On the other hand, if Sgepsi >> Smetar, current is
limited by the ability of electrons to cross the Si/metal interface and (A.64) reduces
to (A.62).

Saepsi is an effective diffusion velocity (similar to a surface recombination velocity)
associated with the transport of electrons from the edge of depletion region (neutral

n-type region) in silicon (x = Wsc¢) to the potential energy maximum (at z = ;).

Wsc -1
SdepSi = {/tl MLT exp (—% (o + w(x))>dx] (A.65)

where, ¢(x) is the electrostatic potential in the silicon region as a function of distance
x from the Si/metal interface (assuming the metal is at defined to be at zero potential).

If Simetat >> Sdepsi, the diffusion process dominates and ignoring image charges,
SdepSi = Eszg(tz) (A66)

where £(t;) is electric field in Si at the interface. The current expression in this case,

approximates the diffusion current expression (A.63). For a diode at 0.5 V forward
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bias, fabricated on 5x10'* doped wafer,

Sdepsi = 9 x 10%em /s (A.67)

On the other hand, s, is the surface recombination velocity of the Si/metal
interface(x = t;):

Jinterface = (Smetal (n(tz) - nO(tz)> (A68)

where n and ng are the electron density in semiconductor at bias V' and equilibrium,

respectively, and

n(t;) = No,si exp (EFv"(ti) - chzm)

kT
no(t;) = Nosi exp (—q]f;n) (A.69)
So
Jinte?"face = qsmetalNC,si €xp (_qkibjbw ) (exp < F];q(v )> - 1> <A70>

Since Sy,etqr 18 @ measure of the current due to thermionic emission over the
Si/metal barrier, so using the Thermionic emission theory the net current at the

Si/metal interface is given by

Jinterface = JSi—)M - JM—)Si
o 2 _Q¢bn EF,n(tz) .
= A, T exp ( T ) {exp ( T 1 (A.71)

Eliminating Jipter face from (A.70), (A.69), and (A.71), we derive the expression for

Smetal
A*T?
Smetal =
qNc

(A.72)

Substituting this value of Syer into (A.64) and assuming Sgepsi >> Smetal, W Te-
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discover the expression for current due to the Thermionic theory, (A.62). At 300°K

typical values of A are ~ 120 A/cm?K?, so

Smetal = 2 % 10%m/s. (A.73)
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Appendix B

Generalized Quasi-Steady-State

Lifetime Measurement

B.1 Introduction

Minority carrier recombination is a powerful tool to characterize electrical quality
of semiconductor surfaces. In this project, minority carrier recombination lifetimes
were measured using WCT-120 from Sinton Consulting, an instrument based on the
Quasi-static photoconductance decay (QSSPCD) method [79].

This chapter details the derivations and assumptions made in the extraction of
minority carrier lifetime and surface recombination velocity from the raw QSSPCD

data.

B.2 Basics

Surface defects can act as minority carrier recombination centers with recombination
rate U (in cm2s?)

U= Sn!

minority

(B.1)
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where n/

minority 15 the minority carrier density at the surface and S is the surface

recombination velocity (SRV in cm/s). For a neutral surface. SRV relates to the

surface defects density NV,

S = Nt/UthO' (BQ)

where, vy, is the electron thermal velocity, and o is the capture cross-section of the
surface defects.

The continuity equations for the excess minority carriers in a semiconductor are

on 1

o _ - B.
oy G,—-U,+ qVJn (B.3)
op 1

— = -U,— = B4
o G, —U, qVJp (B.4)

For the case of low-injection and negligible band-bending, the equations simplify to

OAn(x,t) An(x,t) O?An(x,t)
T = G(z,t) — p— + D, 52 (B.5)
OAp(z,t) Ap(x,t) O?Ap(z,t)

Where An and Ap are the excess minority carrier densities. The loss of minority
carriers due to surface recombination at the wafer of thickness W is given by the

boundary conditions

D 0An(x,t)

OAn(x,t)
p =\
" Oz

= SfrontAn(07 t) & — n 81‘
z=0 =W

= SbackAn(W, t)

(B.7)
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for p-type substrates and for n-type substrates

OAp(x,t
DG

OAp(z,t
= SfrontAp(Ovt) & - DP#

= SbackAp<W7 t)

(B.8)

B.3 Relation between 7./ and SRV

For a n-type wafer in dark (G = 0) the continuity equation reduces to

OAn(z,t)  An(z,1) D 0?An(z,t)

_ 3 B.9
ot Thulk 0x? ( )

The general solution to this equation is of the form [167]
An(z,t) = e /muk | Ae=7*Prt cos B + Be # Prt sin B (B.10)

where A, B, and 3 are constants which much satisfy the boundary conditions (B.7).

Substituting the solution in (B.9)

OAn(z,t)  An(z,1)

o = . (B.11)
where,
! = ! + ! (B.12)
Teff Thulk Tsur face
and
! (B.13)

Tsurface = D 52
n

Assume that Styont = s and Speer = 0. Solving for the boundary conditions

S

tan (W) = 5D

(B.14)
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where W is the wafer thickness. In the limits of high and low surface recombination,
the equation can be simplified to

4W? %4
s

Tsurface’s—)oo = 7_(2—1)” & Tsurface’s—)() =

(B.15)

For a silicon wafer with recombination on both sides of the wafer, boundary con-

ditions change to Sftront = Shack = S, and the the final expressions change to

LW s
tan { — ) = B.16
v ( 2 ) ~ 5D, (B.16)
W2 w
Tsurface|s—>oo = 7'F2—D & Tsurface|s—>0 = % (Bl?)

B.4 Quasi Steady-State Photoconductance Decay:
Analysis

Integrating the equation (B.5) over the width of the wafer, we get

W W W W 2
/ OAn(z,t) dp — / Gla,t)da _/ An(z,t) e +/ Dna An(a:,t)dx
0 0 0 0

8t Toulk 8132

d v W w
= — An(x,t)dx = / G(z,t)dx — / An(x,t)dx
dt J, 0 Toulk Jo
0An(x,t) OAn(x,t)
p,Z2mnyy _p 2T B.18
* Oz v Oz » ( )

Dividing the whole equation by the wafer width W, and using the boundary conditions

(B.7), the expression simplifies to

dAng,(t) B
= T = G(w<t>

Anav (t)

a Teff(Anav) <B19)
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where,

W
Ang,(t) = i/ An(z,t)dz (B.20)
W Jo
1 v
Gslt) = 77 /0 Gla, t)dz (B.21)
Ang,(t) Ang,(t) 1 1
= + —StrontAn(0,t) + — Spac An(W, t B.22
Teff(Anav) Tbulk<Anav) w Jront ( ) w back ( ) ( )

The WCT-120 measures the incident power, G, (t), using a calibrated photodiode and
measures the conductivity of the sample using a inductive coil. From the conductivity
data, the control program then estimates the average value of excess minority carrier
density, Ang,(t). Unfortunately, average values are not enough to rigorously extract
the bulk lifetime (7p,,) and recombination velocities (Sfront and Speer) from (B.22).

One also requires the exact values of the excess minority carrier at the surfaces, i.e.

An(0,t) and An(W,t).

B.4.1 Need for Simulations

As mentioned in the previous section, to analytically find the bulk lifetime and values
of recombination velocities, the exact profile of excess carrier density (An(x,t)) is re-
quired. However the instrument only measures the average carrier density (Ang, (%)),
so a simple analytical analysis is not enough.

To solve this inverse problem, we can run a MATLAB program to calculate a
simulated An(z,t), for a range of bulk lifetime and recombination velocities, using
the continuity equation (B.3) or (B.4). The simulated profiles will be constrained to
satisfy Eq. (B.20) & (B.21). From the simulated profile the average values of minority
carrier density, Ang,(t), can then be calculated.

By comparing the simulated An,,(t) and measured Ang,(t), and obtaining the

best fit, the values of bulk-lifetime and recombination velocity can be calculated.

207



B.4.2 Generation Rate Profile

For simulating the minority carrier density profile in a wafer, Ang,,(t), using the
continuity equation (B.3) or (B.4), one needs the exact profile of generation rate inside
the wafer, i.e. G(x,t). Once again, what the instrument measured is the average value,
Gav(t). However, since the AM1.5 spectrum in known, one can calculate G(z, t), from
the average Gy, (t).

We know the incident light power, G, () (in suns). Assume that the spectrum
of the Xe lamp used in the measuring instrument is similar to AM 1.5 spectrum
(Fig. 1.3). We also know the absorption depth (c,) of photon with a given wavelength

(A). The exact generation rate G(z,t) will then simply be

—azT __ e—oz/\(x—&—Ax)

Ax

Glr,t) = 0.7-N - Gon(t) Y B(N)° (B.23)
VA

Where N is a normalization factor to set the optical intensity i.e. satisfy equation
(B.21), ®()\) is the photo-flux as a function of wavelength (Fig. 1.3(b)), and 0.7

accounts for the 30% reflectance of the silicon surface with no AR coating.

B.4.3 Data Plots and Extracted Parameters

In a usual lifetime measurement, there are three samples: oxide-coated, unpassivated
and PQ-passivated. There are 5 unknowns that need to be calculated to completely
describe the set of devices under test: bulk lifetime (73,), the top surface oxide SRV
(Sfront,or), the bottom surface oxide SRV (Spack o), the top surface native-oxide SRV
(Strontno)s and the top surface PQ SRV (Sfront.pg). Let us call them the unknown
parameters. To numerically find the optimum fit of the 5 parameters, we have 3
curves each with 50-80 points - the A,,(t) for oxide, native-oxide and PQ-passivated
silicon.

The measured data for the p-type wafers coated with thermal-oxide, native oxide,
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and PQ, A,, and G, as a function of time (¢), is plotted in Fig. B.1 (dotted line).
The solid lines represent, the fit of the model with the optimized parameters. The
optimized parameters that generated the best-fit are given in Table B.1. As seen, the

model closely fits the measured data. Similar analysis for the n-type wafers is given

in Fig. B.1 and Table B.1.
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Figure B.1: QSSPCD data for p-type wafer coated with (a) thermal oxide, (b) native
oxide, and (¢) PQ. The dotted lines are actual data measured by the instrument and
the solids line is the best fit using the generalized model derived above.

The extracted value of the optimized paramters, surface recombination velocity

(SRV) for PQ-silicon interface for both p and n-type substrates. The three condi-
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Table B.1: The optimized values of QSSPCD parameters that best fit the data of
Fig. B.2 & B.1: bulk lifetime (7p,%), the top surface oxide SRV (St,ont,0z), the bottom

surface oxide SRV (Shack,0z), the top surface native-oxide SRV (Stront.n0), and the top
surface PQ SRV (Sfront,prg)-

Lifetime (us) SRV (cm/s)
Thulk Sfromt,or Sback,oz Sfrcmt,no Sfront,PQ
p-type 122 9 33 4804 145
n-type 252 26 32 2014 133

tions represent different surface treatments; passivated with a high-quality thermal

oxide,native oxide (unpassivated), and PQ-passivated.
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oxide, and (¢) PQ. The dotted lines are actual data measured by the instrument and
the solids line is the best fit using the generalized model derived above.
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Appendix C

Control
Metal-Oxide-Semiconductor

Transistors

To serve as a control for the PQ-passivated MISFET device (Chapter 3), conventional
MOS devices using the high-quality thermal-oxide were also fabricated. The devices
used the same implanted and annealed silicon wafers, to define the source and drain,
as the MISFET devices. The oxide was grown in Thermco furnace at 1000 °Cin
dry-oxygen ambient. The estimated thickness of the oxide layer was 25 nm. Source
and drain contact holes were etched using photolithography. Metal was deposited by
thermal evaporation.

The structure, Ips-Vgg, and transconductance characteristics of the n-channel and
p-channel devices are shown in Fig. C.1. Oxide capacitance value was measured to
be 125 nF /cm? by a small-signal capacitance meter (20kHz). The W /L of the devices
was 1/2.2 (Fig. 3.15(b)) extracted electron and hole mobility were 700 cm?/Vs and

225 cm?/ Vs, respectively (Fig. 3.15(d) & (f)).
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Figure C.1: Structure of the control metal-oxide-semiconductor field-effect (a) n-
channel and (b) p-channel transistors. The L and W of the devices are 1 mm and 2.2
mm, respectively. Drain current and transconductance vs. gate voltage characteristics
at low drain voltages in (c¢) n-channel and (d) p-channel devices. Drain current vs.
gate voltage characteristics on a log scale at low drain voltages in (e) n-channel and

(f) p-channel devices
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Appendix D

Publications and Presentations

D.1 Refereed journal articles

Sushobhan Avasthi, Stephanie Lee, Yueh-Lin Loo, and James C. Sturm, “Role of
Majority and Minority Carrier Barriers Silicon/Organic Hybrid Heterojunction Solar
Cells,” accepted for publication at Advanced Materials (September, 2011)
Sushobhan Avasthi, Yabing Qi, Grigory Vertelov, Jeffrey Schwartz, Antoine Kahn,
and James C.Sturm, “Electronic structure and band alignment of 9,10-phenanthrenequinone
passivated silicon surfaces,” Surface Science 605, 1308 (2011)

Sushobhan Avasthi, Yabing Qi, Grigory Vertelov, Jeffrey Schwartz, Antoine Kahn,
and James C.Sturm, “Silicon Surface Passivation by an Organic Overlayer of 9,10-
phenanthrenequinone,” Applied Physics Letters 96, 222109 (2010)

Shyam Shankar, Alexei M. Tyryshkin, Sushobhan Avasthi, Stephen A. Lyon, “Spin
Resonance of 2D Electrons in a Large-area Silicon MOSFET,” PHYSICA E, March
2008.
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D.2 Published Proceedings

Sushobhan Avasthi, and James C. Sturm, “Charge Separation and Minority Car-
rier Injection in P3HT-Silicon Heterojunction Solar Cells,” in Proceedings of 37"

IEEFE Photovoltaic Specialists Conference, June 2011.

Sushobhan Avasthi, Grigory Vertelov, Jeffrey Schwartz and James C. Sturm, “Re-
duction of Minority Carrier Recombination at Silicon Surfaces and Contacts Using
Organic Heterojunctions,” in Proceedings of 34" IEEE Photovoltaic Specialists Con-

ference, June 2009.

D.3 Conference Presentations

Sushobhan Avasthi, Stephanie Lee, Yueh-Lin Loo, and James C. Sturm, “P3HT-
Silicon Organic-Silicon Heterojunction for Photovoltaic Applications,” presented at

2011 Materials Research Society Spring Meeting, San Francisco, CA, April 2011.

Sushobhan Avasthi, Yabing Qi, Sieu Ha, Grigory Vertelov, Jeffrey Schwartz, An-
toine Kahn, and James C.Sturm, “P3HT-Silicon Organic-Silicon Heterojunction for

Photovoltaic Applications,” presented at 2010 Materials Research Society Fall Meet-
ing, Boston, MA, December 2010.

Sushobhan Avasthi, Yabing Qi, Grigory Vertelov, Jeffrey Schwartz, Antoine Kahn,
and James C.Sturm, “Stability of Electrical Properties of Silicon (100) Surfaces Passi-
vated with 9,10-phenanthrenequinone,” presented at 2009 Materials Research Society
Fall Meeting, Boston, MA, December 2009.

James C. Sturm, Bahman Hekmatshoar, Lin Han, Sushobhan Avasthi, Grigory
Vertelov, Yabing Qi, Jeffrey Schwartz, Antoine Kahn and Sigurd Wagner, “Towards

Organic-based Dielectrics for Low-Temperature Silicon-based Devices for Large-Area
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Electronics,” presented at the 2009 Materials Research Society Fall Meeting, Boston,

MA, December 2009

Sushobhan Avasthi, Yabing Qi, Jeffrey Schwartz, Antoine Kahn, and James C.Sturm,
“Electronic Passivation of Silicon (100) Surfaces by Organic Layer of 9,10-phenanthrenequinone,”
presented at 515 Electronic Materials Conference, College Park, PA, June 2009.

Sushobhan Avasthi, Grigory Vertelov, Jeffrey Schwartz and James C. Sturm, “Re-

duction of Minority Carrier Recombination at Silicon Surfaces and Contacts Using

Organic Heterojunctions”, presented at 34" IEEE Photovoltaic Specialists Confer-
ence, Philadelphia, PA, June 2009.

D.4 Patents

Sushobhan Avasthi, Jeffrey Schwartz, and James C. Sturm, “Photovoltaic Device
and Method of Making the Same,” Patent Application 13/113,606 (2011)

Sushobhan Avasthi, Jeffrey Schwartz, and James C. Sturm, “Reduction of Minority
Carrier Recombination at Silicon Surfaces and Contacts Using Organic Heterojunc-

tions,” Provisional Patent Application 61/347666 (2010)

Sushobhan Avasthi, and James C. Sturm, “Organic-Silicon Heterojunctions for

Efficient Photovoltaic Devices,” Provisional Patent Application 61/416986 (2010)
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