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1. INTRODUCTION

jor of back-surface-field (BSF) solar cells in
d sunlight is of both scientific and economic
m the scientific point of view, it is of interest
d both the internal physical processes and
performance parameters as the illumination
ased. From the economic point of view, the
e solar cell efficiency and output power
vel illumination, can replace the existing
lar cell area with equivalent areas of lower-
or reflective materials, which make both
icon and gallium arsenide solar cells
ing considered for applications in low-cost
tovoltaic system. The principal merits of
s are high open-circuit voltage, high short-
, and high power conversion efficiency
ng with those of the conventional p-n
cells. The origin of these dramatic im-
ymes from the advent of the high-low
;}.‘ends to suppress the minority-carrier
d from the near-by p-n junction.
al{1] had analyzed the performance of
low-level injection conditions. Sabnis[2]
he work of Godlewski ef al. to include
njection using the ambipolar diffusion
ped by Dhariwal et al.[3], but their
fions are in term of uniform generation
“ossum ef al.[4] have used the exact
15 to simulate the physical behaviors of
Jin concentrated sunlight (from 1 to
0 the needs of longer computer time,
ve also developed the analytical expres-
2n-circuit voltage of the n'-p-p* and
urface-field solar cells. However, dis-
een the analytical expressions and the
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stract—Simple analytical expressions for the open-circuit voltage of the n*~p—p* and p'-n-n" BSF solar cells,
ich are valid for both the low- and high-levels of optical illumination, are derived. Based on the principle of
erposition the open-circuit voltage of both the n*-p-p* and p*-n-n* solar cells are expressed in terms of the
it-circuit current and the known saturated dark current. Effects of the high-low junction doping, the energy-gap
rinkage, and the dimensions of the BSF solar cells on the open-circuit voltage are included. The numerical results
ihe derived expressions are found to be in good agreement with the exact numerical analysis of Fossum ef al.
: optimal design considerations based on the known characteristics of the open-circuit voltage are also

results of the exact numerical analysis are apparent,
especially, for the low- and medium-levels of optical
illumination. Moreover, no detailed presentations of their
analytical calculations and the enough data of their exact
computer analysis are given in their published
papers[4, 5].

In this paper, detailed calculations based on more
realistic assumptions and boundary conditions are
presented. The analytical expressions for the open-cir-
cuit voltage of the n"=p-p* and p*-n-n" solar cells in
concentrated sunlight are derived. Based on the principle
of superposition the open-circuit voltages of both the
n'-p-p* and p*-n-n" solar cells are expressed in
terms of the short-circuit current and the saturated dark
current of the dark diode. It is found that the derived
analytical expressions are in good agreement with the
exact computer-aided numerical analysis of Fossum et
al. Moreover, the optimal design considerations based on
the open-circuit voltage of the BSF solar cell are also
discussed.

2. BASE REGION VOLTAGE AND HIGH-LOW
JUNCTION VOLTAGE

Consider a p*~n-n" solar cell, as shown in Fig. 1, in
which the emitter is thin (~0.25 um) and heavily doped
(Nag ~ 10°/em?), the low concentration base region is
thick (150 pm ~ 300 m) and lightly doped with reason-
ably long minority carrier diffusion length, the high-
concentration base region is thin (0.5~5pum) and
heavily doped (Npy, ~ 10"°/cm®). The electrical behavior

AW,
Voc

Fig. 1. Typical p*-n-n solar cell structure illustrating the
components and polarities of the open-circuit voltage V...
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of this cell can be adequately described by physical
mechanisms occuring in the neutral-base region. The
basic equations used to characterize the solar cell
parameters are the current flow equations and the con-
tinuity equations for electrons and holes:

1a(5) = quan(x)e(x) + aDn 5% (1
1o(0) = Gupp(X)elx) - aDy £ @
6"3—?)=$y§ix—)+6,.—lf,.=0 3)
ﬂ%9=—%agfh4h—t¢=o @

where G,, G, are optical generation rates for electrons
and holes, respectively; U,, U, are recombination rates
for electrons and holes, respectively.

To derive an expression for quasi-neutral base region
voltage Vg under the open-circuit condition, the built-in
electric field in the neutral-base region must be cal-
culated. Under the open-circuit condition, the built-in
electric field may be easily obtained by combining eqns
(1) and (2) with the constraint of zero total current,

=Ju(x)+Jp(x)=0:

p_pon
E(X) :M (5)
pant(x) + ppp(x)

Using the charge neutrality condition in the low concen-
tration base region, n,(x)=p.(x)+ Nm(x), the quasi
neutral-base region voltage Vs may be obtained by in-
tegrating eqn (5) across the low concentration base
region, which yields:

bNp

Ve = oy (b+1)| pa(w) + P21
b+1

where b = (palpp) =(DalD,); pa(0) and p.(w) are the
minority carrier concentrations at the edges of the low
impurity concentration neutral-base region, and are the
function of optical illumination.

The built-in voltage of the high-low junction at thermal
equilibrium condition, Vi, can be written as

N_M) _AEq,
ln( T4 W

bNp
Pa(0) + b+1

for p*-n-n" (6)

kBT (p,,'u) kBT
Vio=— = -
g 7 Pno q

where p.o and p;o are the minority carrier concen-
trations of the n- and n*-region, respectively; Nps is the
doping concentration of the n*-region; AEg, is the
energy gap shrinkage of the heavily doped n*-region.
Note that in deriving egn (7) the following
approximation[6] is used:

AEg,
nh=nk €Xp k T

®)

where n;, is the intrinsic carrier concentration
impurity concentration; ny, is the intrinsic carm
centration of high impurity concentration, '
The built-in voltage of the high-low junctic
optical illumination, Vj,, can also be written as

Vhl kBT ] (

Pa(w) )
Pa (W W)

where p.(w) and p,*(w+ w,.) are the minoril
concentrations at the edges of the low-high
under optical illumination, respectively. Using th
neutrality relation, n,(w)= p.(w)+ Np, the np
relation at the edges of the high-low junction
written as

Pa(W)[Npt + pa(W)] = pu”™ (W + Wic)Nph exp( .

Using egns (7), (9) and (10) the change of th
voltage under optical illumination can be e
culated and written as

Vie = Vo= Vi = k,;T! [] +p"{W):| for p*

where p,(w) is also a function of optical il
For example, at low illumination level, p,(w)
is approximately equal to zero, which means
contribution of the high-low junction voltage
open-circuit voltage is zero. Note that all
derived above are quite exact, and satisfy fo
low- and high-levels of optical illumination.
To relate the minority carrier concentratiol
Pa(w), to p.(0), the following equation is
may be calculated by solving the current flo
and the continuity equation (see Appendix):

pa(W)= reitt
cosh ( L )+§Msmh L
pl'

pl

where L, and D, are the effective ming
diffusion length and diffusivity in the low ¢
base region under optical illumination;
recombination velocity of the minority can
n-n" junction under optical illumination, wh
written as (see appendix):

= QO Pa(w)
Snn‘_ Sl’ln [] o N J

DI

0= Moo o (AEer) -.3
" = NowLon exp T coth ;

where S%,.+ is the recombination velocity of
carrier at the n-n" junction under the dark
Using eqns (12) and (13) the carrier col




The open-circuit voltage of back-surface-field (BSF) p-n junction solar cells in concentrated sunlight 211

w), can be written in terms of p,,(0). The result is

(W) N””’"N(H i’ﬁ Pn(ﬂ))—l] (15)

and ko are separately defined as

. co:sh(ﬁ,!) ko (16)
P

The analytical developments of Vi, Vig for the n*-p-
p* BSF solar cell proceed analogously to those of the
p*-n-n" solar cell, except that the open-circuit voltage
of the n"—p-p* BSF solar cell is the n*-p junction
voltage V, plus the voltage developed across the high-
low junction, Vip, and minus the voltage developed
across the low-concentration base region, Vs The
results are:

Voe=Vi+ Vig=Vp

for n*-p-p* (23)

0 ]
ta= SaeLat i () 0 va=telnfy fi+ [\/(‘ +zk.[\/(, ()
pl pl Zk ‘}’|2 N.—\r
r concentration p,(0) can be written in terms of % exp(i‘/—’)) i 1]) e ]} (24)
ion voltage by using the charge neutrality ksT
ve) (i)~ (71)
. k,.T b \/(” (N,,,) e"l’(kar Xy
Vs = < (25)
& B 2 3 iy oy e
Nat! “P\iaT b+l

and the pn product relation at X =0, i.e.  where y, and k, are separately defined as

*+ Nix] = ni, exp (qVilkaT):

! Yi —cosh( )+k. (26)
k. i 2 ni’

B[+ Gre) exe(2)) 1] a0 Slic - [

4 = 3 oy = 2225l sinh( L ) 27
; nl nl

2qns (15) and (18) the carrier concentration at N.D.

! . 0  _ Natlnn AEGI) (Awl)

), may be rewritten as Sor 3 exp( T coth I, ) (28)

pa(w) =

“-n-n* BSF solar cell shown in Fig. 1, the
voltage V.. is the p™-n junction voltage V,
age developed across the low concentration
Vs, and plus the voltage developed across
/ junction, V;s. Combining eqns (6), (11),
n-circuit voltage for the p*-n-n" solar cell
N as:

for p*-n-n"

= Vj i V_;B + VB (20)

SRS
(ff:%)) g 'D - 1]}

1

J(+ ()

-G

o))} o

Note that Sp,+ and S%,+ are calculated by assuming the
infinite surface recombination velocity at the back-side
contact. Note again that eqns (20)-(25) are exact, and are
valid for both the low- and high-levels of optical illu-
mination.

3. THE CORRELATION BETWEEN THE OPEN-CIRCUIT VOLTAGE
AND THE SHORT-CIRCUIT CURRENT

To relate the junction voltage V; to the illumination
level, the continuity equations, in general, must be
solved. However, the continuity equation is linear for
both the low- and high-level injections. Without the
detailed calculations, the total current flowing across the
p-n junction is known to be consisted of two major
components: the dark current density and the optical

(7)) (657)

5 T el 2) ) 25
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generation current. For first order approximation, the
principle of superposition is assumed to be valid for J,,
then we obtain

Je=1r 29
G%=o0
Vj=0

f A
GO0
Vj=0

The first term of eqn (29) is defined as the current density
of zero net optical generation rate (G, =0), which is
known to be equivalent to the dark current flowing
across the dark diode, i.e.

o=l G°=0=

Vj#0

. V.
— juo €XP (,1—}) (30)

where ju, is the saturated dark current of the dark diode
in the BSF solar cell.

The second term of eqn (29) is defined as the current
density of V;=0 and G°#0, which is known to be
equivalent to the conventional short-circuit current
across the solar cell, i.e.

o=, 1)
Vj=0

Substituting eqns (30) and (31) into (29), the resultant
current density is similar to that of the classical relation,
ie.

ji =-’D+Jsc - Jd'o CXP(ZVT{)"'-IM- (32)

For open-circuit condition, J, =0, eqn (32) gives

e _C-IZ] (ido) i)

Now, let us proceed the identification of J,,. In the case
of the p™-n-n" diode, the saturated dark current con-
sists of two components: the saturated electron current
from the p* region to the n-n* region, Js.: the
saturated hole current from the n-n* region to the p*
region, Ju, ,, which can be separately written as

front p*-region, respectively. Note that ji, =

Similar expressions of the saturated (¢
components can be easily written for the n
cell. Substituting eqn (33) into eqns (20)~2
plete expression for the open-circuit voltage
n-n" solar cell may be written as

VoSl ge 12 (1428
[V G Ge))-1D-)I
kB (b+ )

V(- Goe) () 4

23RN G+ () (&) 1)

forp -

—_—

Similarly, the complete expression for
voltage of the n*—p—p™ solar cell is

Voe = B8 {14 2 (\/(”3‘ b
[VO+ GV Go)-1)-)f

+R ()
v+ (R G2))- ()

2V 2V GeeY ()1

for n™*

where J 4, is the saturated dark current of th
in the n*-p-p™ solar cell, which consists 0
ponents, is similar to that of the p*-n-n"* sol

sinh (%) 4 Srclne cosh (A Wz)

L’nE DnE LnE

Dk (AEGZ)
Jao aneN exp kaT

cosh (%) 4+ Seclne sinh (%)

LnE DnE LnE

sinh (—) + SantLys cosh (ﬁ)

_Dﬂ" LP ODPJ
diF q . Snn*Lp! . (_w_)
L, Ny COSh(LpJ) -D,, sinh 7

(35

where Nag is the front p*-region concentration; AEg, is
the magnitude of the energy-gap shrinkage in the front
p*-region; Sgc is the recombination velocity for elec-
trons at the front metal contact; D,r and L,z are the
diffusivity and the diffusion length for electrons in the

4. NUMERICAL RESULTS AND COMPARISO

In order to compare the derived results wi
numerical analysis of Fossum et al.[4], th
carrier diffusivities as the function of the bz
concentration, adopted by the original
Fossum([7], are separately expressed as follo

e [1 gNA "

N,4+32><10I cm™
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Dpn
[I+ 350N, J”z
NI) +1.05 x ]0'°cm" 5

D, = (39)

Do = pnokeT (ino = 1350 cm?/v - sec for T =
Do = ook T (ppo =480 cm?/v - sec for T =
te that eqns (38) and (39) are used in both the
high-concentration regions of BSF solar cells.
mistic minority carrier life time, adopted by
is used for both electrons and holes, which is
by

_395%107*S

=1, =
N

+———

] 71x10%em™?

(40)

and 7, are the minority carrier life times of
and holes, respectively; N is the doping con-
with N = N for p-type semiconductor, and
or n-type semiconductor. In general, the
carrier diffusion length of the dark diode can be
by the known relations, i.e. L, =V/(D,r,) for
=\/(D,7,) for electrons. However, the
ninority carrier diffusion length and diffusivity
high-levels of optical illumination (shown in
ill be different. For example: for the case of
" BSF solar cell operated under high-level
0 condition, Ly =V(2)L,, Dj=2D,:
inder low-level illumination condition, L), =
=D, Similarly, for the case of the n*-p-p*
cell operated under high-level illumination
.LL;=\/(2)L,,;‘ D}, =2D,;; whereas under
ination condition, L}, = L, D'y = D,.
gases of the n*~p—p* and p*-n-n* solar cells
room temperature and with the same base
icentration of Na = Ny = 1.2% 10" cm™?, the

parameters used for numerical calculations are shown in
Table 1. Comparisons of the derived results (egns 36
and 37) with those of the exact numerical analysis of
Fossum et al.[3, 4] are shown in Fig. 2 where two surface
recombination velocities of the front contact are cited. It
is shown that excellent agreements between the present
analytical results and the exact computer-aided numeri-
cal analysis of Fossum et al. are obtained for both
n*-p-p* and p*-n-n* BSF solar cells with the front
contact surface recombination velocity of 10° cm/sec
which is also used in the exact numerical analysis of
Fossum([3]. In order to clarify the physical pictures of
the BSF solar cells shown in Fig. 2, the dark current
components of the dark diode and the voltage com-
ponents of the open-circuit voltage for both the p*-n-n*
and n"-p-p™ BSF solar cells are listed in Table 2 and
Table 3 where the surface recombination velocity of
the front contact is 10° cm/sec. For the data of the
p*-n-n" BSF solar cell shown in Table 2, the dark
current component Jy,, of the p*-n-n* solar cell is
comparable to that of J,,,, which means that the mini-
mization of J4,, is still needed. If the doping concen-
tration (Nag) and width (Aw,) of the emitter region are
optimized for the pass of the light spectrum and the
consideration of contact resistance, then J,, will be
fixed; the minimization of J,,, may be obtained by
further lowering the doping concentration of the low
concentration base region to 10'*/cm’, and increasing the
doping concentration of the high concentration base
region to 5x 10'*/cm’, if the dimensions of the present
p*-n-n" solar cell does not change. For the data of the
n*-p-p” solar cell shown in Table 3, the dark current
component Jy,, is about ten times larger than that of
J'40.n, which means that the high-low junction (p-p") in
the present case does not give the efficient suppression
of the minority carrier injected from the emitter n*-
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2

SHORT - CIRCUIT CURRENT, Jsc ( Amp/Cm?)

Open-circuit voltage vs short-circuit current for p*-n—n* and n*-p-p* silicon solar cells. The points were
ned from the exact computer-sided analysis of Fossum et al. (Ref. [4, 5)); the solid lines are the numerical results of
the present theory with all parameters shown in Table 1.




214 CHING-YUAN WU and WEN-ZEN SHEN

Table 1. Parameters (T =300°K) of silicon BSF solar cells used for numerical

calculations.
4

Front p+(n+) region thickness (szl nwz = 0.25 um f

Front p*(n+) region concentration, NAE=NDE:2x102°/cm3

Nap (Npp)

Back n+(p+) region thickness (Awll mﬁ_= 0.5 pm

Back n+(p+) region concentration, NDh=NAh=1019/cm3

Non )

. . i = 15 3

Base region concentration, NDR NDKWNAEAI.ZxIU Jcm
; Ny )
|
i; Base region thickness (w) w = 150 um
, Surface recombination velocity of Sbc = =»

back contact (Sbc)

surface recombination velocity SFC=103cm/sec, loscm/sec

| of front contact (SFC)
il Minority carrier diffusion length LPE=D.9um (LnE=2.3um)
4 + ., 4+ .
? at front p (n ) region, LnE(LpE)
| Minority carrier diffusion length Lng=1078.4um (Lpg=64l.49um)

' at n(p) base region, Lpl(an)
jﬁ Minority carrier diffusion length th=ll.142um tLph=5.153?um]
B + ., + i
n} at back n (p ) region, Lph(th}
il Minority carrier diffusivity at DPE=O.680m2/5ec (D, ,=3.8882
i +, + :

front p (n') region, an(an) cmz/sec)
j Minority carrier diffusivity at Dn£=34.4l9cm2/sec (DPE=
L :
q n(p) base region, Dpl(Dni) lZ.l?Qsz/sec)

Minority carrier diffusivity at Dnh=4.4299cm2/sec (Dph=

+, + |
back n (p'}) regiom, D, (D;p) 0.94776cm>/sec)

region into the p-p* region. Similarly, if the doping high concentration base region, which is
concentration (Npg) and width (Aw:) of the emitter plicated and will be discussed elsewhere(8]
region is assumed to be fixed for the same reason stated the increase of the base width (w), in g
above, then the minimization of J%,, not only involves  decrease the open-circuit voltage, although
the reduction of the doping concentration of the low increase of short-circuit current may be
concentration base region, but also involves the adjust-  Nevertheless, according to the numerical re
ments of both the doping concentration and width of the  present analytical expressions, the optimal

Table 2. The calculated dark current components of the dark diode and the calculated voltage components
the open-circuit voltage for the p*-n-n* BSF solar cell (specifications shown in Table 1) under differe
illumination intensity. i

INTENSITY

1 SUN 10 SUNS 50 SUNS 100 SUNS 500 SUNS
PARAMETERS
Short-Circuit Current 2 2 3 3
] 37.60 3.76x10 18.80x10 3.76x10 18.80x10
JEC(mA/cm )
Dark Current Jdo,p 2.6439 2.6439 2.6439 2.6439 2.6439

-12, , 2
Jgo (10 ""A/em™) |y W 2.0884 2.0884 2.0884 2.0884 2.0884

do,n

Junction Voltage
VJ(mV)

High-Low Junction
Voltage VJB(mV]

589.65 649.23 690.51 708.81 750.10

13.260 33.801 50.022 57.159 72.565

Base Voltage

VB(mV} 0.1404 0.82640 1.9504 2.6656 4.8340

Open-Circuit Voltage

Voc(mV) 602.91 683.03 740.53 768.63 827.50
byl -] = 105cm/sec

FC
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- Table 3. The calculated dark current components of the dark diode and the calculated voltage components of
the open-circuit voltage for the n*-p-p* BSF solar cell (specifications shown in Table 1) under different
illumination intensity.

- INTENSITY . S i
SUN
A A TERS 8) 10 SUNS 50 SUNS 100 SUNS
& |Sshort-Circuit Current > P 3 3
D . (ma/cm?) 37.60 3.76x10° | 18.80x10°|3.76x10 18.80x10
Dark Current Téo & 7.8155 7.8155 7.8155 7.8155 7.8155
=12 2
AR S Pl 0.74492 | 0.74492 0.74492 | 0.94492 | 0.74492
Junction Voltage
VJ (mV) 574.23 633,83 672.45 693.48 734.76
. High-Low Junction
b Eoltage v, (mv) 9.270 27.367 42.646 49.432 64.196
T
¢ [Base Voltage
E; (mv) 0.1975 1.0475 2.3320 3.1260 5.4656
. Open-Circuit Voltage
OC(mV) 3 583.30 660.15 712.764 739.79 730.49
* 3 = 105cm/sec
FC
n and width of the high concentration base APPENDIX

§ found to be Aw,=5um, Np,=Na=
3

d be emphasized again that the high-low junc-
e Vg and the base region voltage Vg may not
ted, especially for high-levels of optical illu-

5. CONCLUSIONS

n more realistic assumptions and boundary
the accurate analytical expressions of the
t voltages for the n*~p-p* and p*=n-n~ BSF
‘are derived in terms of the short circuit
lty and the known saturated dark current
‘the dark diode. Using the same device
as stated by Fossum ef al., the numerical
& present theory are in excellent agreements
xact computer-aided numerical analysis of
l. for the range of 1 sun (AMI) up to 500
ffects of the resistivities and dimensions of
glls on the open-circuit voltages are included
oped analytical expressions which may give
physical pictures of BSF solar cells.
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In deriving eqn (12), the current density for holes can be
written as the following standard form:

ﬁp (x)

Jp(x) = —&qDy (AD)

where £=1 for low-levels of optical illumination; £=2 for
high-levels of optical illumination.

Combining egn (A1) and egn (4), and assuming low generation
rate in the neutral base region, the hole density distribution in the
neutral base region can be easily calculated by using the follow-
ing boundary condition, i.e.,

—ep, AP Pl g i) -pi=0, (D)
the result is
cosh (“’ _,;x) +S—fﬂ sinh (L”LE |
s p P
e | cosh (LF[) +§"b—_l’;‘—smh (LP:') J [p" (l::j

where Ly = V(£D,), Dy = £D,.
Using eqn {A3) the hole concentration at x = w can be expres-
sed by

(pa(0 pm,) Ad)

Pn(W) = Puo = S
an* Lpi
cosh (Lp,) + D, sinh (LD,)

If we neglect p,, in eqn (A4), eqn (12) can be obtained.
The surface recombination velocity of the n-n" junction, S,,+,
is defined as
Joub + @San*[Pa(W) = Pra] =0 (AS5)

where j,,, is the substrate current density, which can be expres-
sed by

gD,

jskb g L h[Pn(W+ W:c)*ﬂm.]
. AWEY: - SheLok wi\|
sinh( w')+f’—‘f—cosh( ):
Lpﬂ Dpﬂ th

(A6)

L
Aw.) Soclon ( ) [
| cosh(l + —-—P—D sinh I f

L ~ph ph



216 CHING-YUAN WU and WEN-ZEN SHEN

Combining eqns (A6) and (AS5), the surface recombination velo- 3 _ DNy AEg,
city of the n —n™ junction may be expressed by nn* =T o1 NDh Lo Np, 6P kT .
F: Aw.) Sycloe O
—1 )+ co

smh( T D,
h(Aw.) +S Loh
D~

o fAw She Wy (w)
o Sl (o
- Dywt ey [P oy I T ){Cm

Sun+ =
L pu(w) c:osh(Aw')+—Lc smh(é—) l
Lo D,y L,

(A7)  If the surface recombination velocity of th ‘
assumed to be an infinite, then eqn (A8) can b

Using eqns (7), (9), (10), eqn (A7) can be rewritten as (13) and (14) in the text.
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