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Abstract—Analytical study of surface recombination 
at the Si/SiO2 interface is carried out in order to set 
the optimum surface conditions that result in 
minimum dark base current and maximum open 
circuit voltage in silicon solar cells. Recombination 
centers are assumed to form a continuum rather than 
to be at a single energy level in the energy gap. It is 
shown that the presence of a hump in the dark I-V 
characteristics of high efficiency PERL cells is due to 
the dark current transition from a high surface 
recombination regime at low voltage to a low surface 
recombination regime at high voltage. Successful 
fitting of reported dark I-V characteristics of a typical 
PERL cell is obtained with several possible 
combinations of surface parameters including equal 
electron and hole capture cross sections.     
 
Index Terms—Hump in dark current, non-ideality of 
dark current, silicon solar cells, surface 
recombination   

I. INTRODUCTION 

High photovoltaic energy conversion is possible only 
if all types of carrier recombination in the solar cell are 
minimized. For that purpose, the substrate of state of the 
art high efficiency silicon solar cell is made of high 
quality Float Zone material with carrier lifetime 

exceeding a few ms. In such cells the bulk recombination 
is minimum and the cell performance is controlled by 
surface recombination. 

The open circuit voltage of the PERL cell, which holds 
the 25% world record silicon cell efficiency is limited to 
706 mV [1, 2] while an open circuit voltage reaching 750 
mV and an efficiency as high as 25.6% have been 
recently reported in heterojunction silicon cells (HIT) [3, 
4]. This recent improvement is due to smaller surface 
recombination in the HIT cell. It is projected that if 
surface recombination in the PERL cell could be reduced 
to bring the dark current density down to 10 fA/cm2 its 
efficiency would rise to 26%.  

The present work presents a clear understanding of the 
recombination process at the Si/SiO2 interface and the 
influence of the surface recombination parameters on the 
dark current of the PERL cell. This is achieved through 
analytical modeling of surface recombination based on 
SRH recombination statistics [5] and on amphoteric 
recombination modeling [6-8]. The accuracy of the 
modelling is enhanced by assuming that recombination 
centers form a continuum distributed over all energy 
levels in the energy bandgap. Theoretical dark I-V 
characteristics are generated to reproduce measured dark 
I-V characteristics reported in the literature for a typical 
PERL cell. 

II. DEPENDENCE OF THE EFFECTIVE SURFACE 

RECOMBINATION VELOCITY ON THE 

SURFACE PARAMETERS 

As sketched in Fig. 1, a flux of electrons is injected 
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across the forward biased junction and diffuses through 
the p-type base towards the back surface situated at x = 
W. Part of these electrons recombine in the bulk resulting 
in the bulk recombination current component Jnb. Excess 
electrons with a concentration Δn(W) reach the edge of 
the back surface depletion region at the Si/SiO2 interface 
and recombine with holes which results in the back 
surface recombination current component Jns. Since back 
surface recombination sets the boundary condition at the 
back surface, both current components are affected by 
the value of Seff. Consequently the value of Seff is very 
critical in determining the dark current, the open circuit 
voltage and the cell efficiency. 

The surface recombination models detailed in [7] are 
used in the present study. Both Shockley-Read-Hall 
(SRH) statistics and recombination through amphoteric 
recombination centers are considered. Using the same 
terminology as in [7] the SRH surface recombination rate 
Us, repeated here for convenience, is given by: 
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where Dit(Et) is the density of the energy- dependent 
recombination centers at the Si/SiO2 interface, vth is the 
electron thermal velocity, kT is the thermal energy, ps, ns 
and ni are the hole, electron and intrinsic carrier 
concentrations at the surface, respectively, Ei and Et are 
the intrinsic Fermi energy (mid-gap) and the 

recombination centre energy level, sn and sp represent 
the electron and hole capture cross sections of the centres. 
The effective surface recombination velocity is related to 
Us through 
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where po is the equilibrium hole concentration in the bulk 
which is equal to the p-type base surface doping 
concentration NA. 

Assuming negligible recombination in the very thin 
surface field (depletion) region, Seff at the edge of the 
surface field region is obtained from 

 

 ( )/( ) 1F TV V
s oeff effU S n W qS n e= D = -  (3) 

 
where Dn(W) has been replaced by no(eVF/VT -1) with no 
being the minority electron concentration in the p-type 
base, VF is the carrier Quasi-Fermi energy separation at 
the back surface resulting from a forward bias Vj at the pn 
junction.  

The effective surface recombination velocity Seff is 
denoted as Seff,SRH for SRH model and as Seff,amph for 
amphoteric center model. 

It is generally accepted that after annealing in forming 
gas or in hydrogen, the recombination centers at the 
Si/SiO2 interface are uniformly distributed in the energy 
gap [9-11]. Hence Dit(Et) will be assumed to have a 
constant value Dit. In such a case the integral in (2) can 
be analytically performed resulting in [12]: 
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The analytical expressions for Seff in (4) help 
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Fig. 1. Schematic cross section of an advanced n+/p junction 
solar cell with SiO2 back surface passivation (PERL cell).  
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significantly in understanding and predicting the 
behaviour of surface recombination under different 
operating conditions and the influence of the different 
parameters involved. 

As described in [12] the surface carrier concentrations 
depend on the surface potential ys (energy band bending) 
such that ps and ns in (4) are replaced by poe-ys/VT and by 
Dn(W)eys/VT, respectively Consequently  
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Note that the surface potential is positive when the p-

type surface is depleted or inverted by the presence of a 
positive charge in the passivating SiO2 layer. On the 
other hand, ys is negative in surface accumulation.  

The dependence of Seff on the applied junction voltage 
Vj involves an iterative process since, for each junction 
voltage Vj, Seff in (5) is calculated as a function of the 
resulting VF at the surface. The latter is related to Vj 
through (3) which involves Seff as will be detailed in 
section III. below. 

 
1. Seff versus Injection Range 

 
We define “injection range”, to be distinguished from 

injection level, a term that combines the injection level 
represented by Dn(W), the surface potential ys and the 
ratio between the capture cross sections in K. The value 
of Seff is influenced by the injection range through the 
terms ps/K and Kns in (4). The injection range switches 
from low when the ps/K >> Kns to high when ps/K << 
Kns.  

 
A. Low injection range 

In the low injection range Seff in (4) becomes 
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which is independent of Dn(W) and of the applied 
junction voltage Vj as confirmed by the plateau regime in 
Fig. 2(a) displaying Seff versus Vj. These results are 
generated for a typical device with a surface (base) 
doping concentration NA = 1.5x1016 /cm3, Dit = 1010 
/cm2/eV, sn = sp = 10-15 cm2 resulting in So = 2.586 cm/s 
which is a reasonable values for annealed Si/SiO2 
interface. Expression (6a) predicts an exponential 
increase in Seff in the low injection range with increasing 
ys which is confirmed in Fig. 2(a) showing a continuous 
increase in the value of Seff in the plateau region as ys 

increases from 0.1 V to 0.15 V to 0.2 V. 
 

B. High injection range 
With increasing junction voltage, the excess electron 
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(b) 

Fig. 2. (a) Seff calculated according to SRH analytical model 
versus applied junction voltage for Dit = 1010 /cm2/eV, sn = sp 
= 10-15 cm2, and for ys = 0.1 V, 0.15 V and 0.2 V, (b) Seff
calculated according to SRH analytical model versus applied 
junction voltage for Dit = 1010 /cm2/eV, sn = 10-14 cm2, sp = 10-

16 cm2, and for ys = 0.1, 0.15 and 0.2 V. 
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concentration Dn(W) increases and finally the operation 
enters the high injection range in which Seff can be 
expressed as 
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which predicts a continuous decline of Seff with 
increasing Dn(W) (i.e increasing Vj) as confirmed in Fig. 
2(a). On the opposite to the plateau regime, the values of 
Seff in the declining regime are smaller for higher ys, as 
predicted by (6b). 

 
2. Asymmetric Capture Cross Sections 

 
When capture cross sections are asymmetric, the values 

of Seff may change but its dependence on the injection 
range remains the same with a possible shift in the border 
voltage between the low and high range. For instance, 
keeping So unchanged with sn = 10-14 cm2 and sp = 10-16 
cm2 (K = 10), the Seff-Vj dependence shifts horizontally 
towards smaller values of Vj, as depicted in Fig. 2(b), and 
towards higher voltages when K < 1 (sp > sn). 

 
3. Recombination via Amphoteric Recombination 
Centers 

 
The interest in studying surface recombination through 

multi-charge Sah-Shockely recombination statistics [13] 
stems from the fact that the Pb centers created by 
dangling bonds at the Si/SiO2 interface are amphoteric 
recombination centers [6]. The latter can be neutral with 
capture cross sections sn

0 and sp
0, positively charged and 

having a capture cross section sn
+ or negatively charged 

and having with a capture cross section sp
-. In addition, 

amphoteric centers are correlated with a positive energy. 
Details of the proposed surface recombination model 
through amphoteric centers can be found in [7]. This 
model is used here to calculate Seff,amph at the Si/SiO2 
interface and the results are compared with those 
obtained using the analytical SRH model. As depicted in 
Fig. 3(a), Seff,amph follows the same trend and is very close 
to Seff,SRH when all amphoteric capture cross sections (sn

0, 
sp

0, sn
+ and sp

- ) and SRH capture cross sections (sn
 and 

sp) are equal. 

It is found that the value of Seff,amph and the border 
voltage may vary significantly when sn

+ ≠ sn
0 or sp

- ≠ 
sp

0 but not its behaviour with junction voltage. On the 
other hand, a double asymmetry sn

+ ≠ sn
0 and sp

- ≠ sp
0, 

leads to a step in the Seff-Vj dependence that clearly 
distinguishes recombination via amphoteric center [7]. 
The step becomes more pronounced when the asymmetry 
is large as depicted in Fig. 3(b) for sn

+ = 100sn
0 and sp

- 

= 100sp
0. Finally, Seff,amph is found to increase moderately 

with increasing correlation energy Ecor. 
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Fig. 3. (a) Seff calculated according to SRH analytical model and 
to amphoteric recombination model versus applied junction 
voltage for Dit = 1010 /cm2/eV, sn

0 = sn
+ = sp

0 = sp
- = sp,SRH =

sn,SRH = 10-15 cm2, for ys = 0.15 V and for a correlation energy 
Ecor = 0 and 0.4 V, (b) Seff calculated with SRH analytical 
model and with amphoteric recombination model versus 
applied junction voltage for Dit = 1010 /cm2/eV, for ys = 0.15 V. 
1. SRH: sn = 100sp, 2. AMPH: sn

+ = 100sn
0 and sp

0 = sp
-, 3. 

sn
+ = sn

0 and sp
- = 100sp

0, and 4. sn
+ = 100sn

0 and sp
- = 

100sp
0. 
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III. DARK I-V CHARACTERISTICS  

1. Device Structure and Dark Current Expression  
 
As described earlier, the solar cell under study 

sketched in Fig. 1 consists of a front thin n+ emitter and a 
p-type back surface passivated with a SiO2 layer. The 
total dark current density Jd is composed of holes 
injected into the emitter and electrons into the base 
(substrate) and is expressed as 

 

 ( ) ( )( )/ /1 1j T j TV V V V
d o ob oeJ J e J J e= - = + -  (7a) 

 
where Jo is the total saturation current density, Job and Joe 

represent the base and emitter components, respectively. 
One dimensional calculation of the dark current is carried 
out for the cell sections with SiO2 passivated back 
surface. A constant value is assumed for the emitter 
saturation current density Joe. The solution of the one-
dimensional continuity equation and diffusion equation at 
low level injection results in an expression for Job given 
by 
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where Dn, Ln and no are respectively the electron 
diffusion coefficient, electron diffusion length and 
minority electron concentration in the p-type base, W is 
the base width and, Seff is the effective surface 
recombination velocity at the back surface. Expression 
(7b) is obtained assuming low level injection and 
constant electron lifetime tn in the base, and using (3) as 
the back surface boundary condition. The excess electron 
concentration Dn(x) is defined at any distance x in the 
base away from the junction and Dn(W) is its value at the 
back surface. 

The dependence of the dark current on applied 
junction voltage in (7a) is ideally exponential only if both 
Job and Joe are independent of Vj. It is shown, in sections 
II that Seff depends on Dn(W) which depends on VF and 
hence on Vj. Hence, according to (7b) a non-ideality is 
expected in the exponential I-V relationship unless: 1) Seff 

is not sensitive to Dn(W) like in the low injection plateau 
regime, 2) Seff is too large such that it cancels out from 
(7b), and 3) Seff is too small such that the terms involving 
Seff in (7b) can be neglected. When Seff is too large such 
that 

 

 cothn
eff

n n

D WS
L L

>>  (8a) 

 
Job in (7b) reaches its highest limit given by 
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which is independent of Seff and leads to the plateau 
regime in the low injection range. On the other hand, if 
Seff is too small such that 
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Job in (7b) reaches its lowest limit given by 
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which is also independent of Seff and will occur at the end 
of the tail of the declining regime in the high injection 
range. 

 
2. Dark I-V Characteristics: Numerical Results 

 
The relationship between the back surface 

recombination rate Us and back surface recombination 
current density Jns implies  
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The latter is also expressed in terms of the device 

parameters through the solution of the electron continuity 
equation and electron diffusion current equation at x = W 
resulting in 
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As described in section II., iteration is necessary to 
calculate VF and Seff to determine Job in (9a). Fixing the 
surface potential ys, for each value of Vj, the iteration 
starts by assigning an initial value to VF (usually = Vj) 
resulting in an initial value for the excess electron surface 
concentration ns and to a first guess for Seff using (4). This 
first guess of Seff is substituted in (9b) to get Jon,s. The 
latter together with with Vj are substituted in the first 
equality in (9a) to get Jns. This value of Jns is now used in 
the second equality in (9a) while still using the first Seff 
guess to determine a new value for VF. The second round 
of the iteration starts and the procedure is reiterated until 
VF and Seff converge to final values. The base saturation 
current Job is then calculated by substituting the final Seff 
value in (7b). The total diode current density Jd at the 
selected junction voltage Vj is calculated from (7a) 
assuming a value for Joe as mentioned earlier. The 
complete dark I-V characteristics are obtained by 
repeating this procedure for different values of Vj within 
the range of interest.  

The dark current is calculated for a typical PERL cell 
fabricated on Float-Zone p-type silicon wafer 280 mm 
thick having a base doping concentration NA = 1.5x1016 
/cm3, an electron diffusion coefficient Dn = 26 cm2/V.s 
and an electron diffusion length Ln = 0.137 cm. The 
emitter saturation current density Joe is assumed to be 
equal to 10 fA/cm2. The resulting dark I-V characteristics 
obtained with Seff calculated using SRH surface 
recombination model with Dit = 1010/cm2/eV and equal 
capture cross sections sn = sp = 10-15 cm2 are plotted in 
Fig. 4(a) for ys = 0.1 V, 0.15 V, and 0.2 V. A set of curves 
generated with Seff calculated using amphoteric 
recombination with Dit = 1010/cm2/eV, sn

+ = sn
0 = sp

- = 
sp

0 = 10-15 cm2 is plotted in Fig. 4(b) also for surface 
potential ys = 0.1 V, 0.15 V, and 0.2 V.  

As discussed in section III. 1., the I-V characteristics 
displayed in Figs. 4(a) and (b) shows an ideal 
exponential sector with a high saturation current density 
at low voltage corresponding to high Seff in the plateau 
regime. The saturation current may reach its high limit 
Job1 in (8b) if condition (8a) is satisfied. On the other 
hand, the current shows another ideal exponential sector 
with smaller saturation current density at higher voltage 
corresponding to small values of Seff in the tail end of the 
decline region where condition (8c) is satisfied and the 
saturation current reaches its low Job2 limit in (8d). The 

transition between the two ideal exponential sectors 
shapes a hump in the I-V characteristics. 

The existence of the hump and its position in the I-V 
characteristics are influenced by the same parameters 
which affect Seff namely: capture cross section ratio, 
surface potential and interface trap density. For instance, 
the hump shifts to a higher voltage at smaller values of 
ys because the plateau regime extends to higher injection 
levels as depicted in Figs. 2(a) and (b). The hump may 
even disappear when ys is very small since the plateau 
regime in this case extends outside the voltage range of 
interest, even if the capture cross sections are largely 
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(b) 

Fig. 4. (a) Calculated dark cell I-V characteristics for the PERL 
cell under consideration assuming Joe = 10 fA/cm2 and Ln = 
0.137 cm for different values of ys. Seff is calculated according to 
SRH analytical model assuming Dit = 1010/cm2/eV, sn =sp = 10-15

cm2, (b) Calculated dark cell I-V characteristics for the PERL 
cell under consideration assuming Joe = 10 fA/cm2 and Ln = 
0.137 cm for different values of ys. Seff is calculated according 
to surface recombination model via amphoteric centers 
assuming Dit = 1010 /cm2/eV, sn and sp for neutral and charged 
centers = 10-15 cm2. 
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asymmetric. Therefore, although asymmetry between 
capture cross sections is not ruled out, it is not accurate 
to systematically link the hump exclusively to large 
asymmetry sn > sp by factors reaching 100 or even 1000 
sp as previously suggested [14]. 

 
3. Fitting Experimental I-V Characteristics of a 
Typical PERL Cell 

 
The experimental dark I-V characteristics for the 

PERL cell reported in [15] at T=25oC is reproduced by 
coupling the Seff and Job models elaborated in the present 
work. The experimental dark saturation current density Jo 
deduced from the ideal exponential sectors of the 
measured I-V characteristics [15] amounts to 1050 
fA/cm2 at low voltage and to 62 fA/cm2 at high voltage. 
This current includes: 1) Job bound by the back surface 
area passivated with SiO2 (Ab), 2) the high limit Job1 in 
(8b) at the metal contacted back surface areas (Am), and 
3) Joe, the emitter current component across the total 
junction area (At), with At = Ab + Am. Therefore, the total 
current is given by 

 
 1 ob b ob m oe t o tJ A J A J A J A+ + =  (10a) 

 
Let’s assume that at low bias condition (8a) is satisfied. 

In that case Job is equal to the high limit Job1 such that 
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On the other hand, since Seff at the SiO2 passivated 

areas at high bias is very small, Job will be given by Job2 
in (8d) leading to 
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where r = Ab/At represents the fraction of the back 
surface passivated with SiO2. 

Setting Joe to a minimum of 10 fA/cm2 a set of 
reasonable values of the unknowns r, Ln, ni satisfying 

(10b) and (10c) is extracted and includes r = 0.99, Ln = 
1.37 mm and ni = 1.02x1010 /cm3, which is consistent 
with the most commonly used value reported in [16]. 

The high and low limits of Seff are estimated from (8a) 
and (8c) to be 950 cm/s and 10 cm/s, respectively. 
Therefore any value of Seff much larger than 950 cm/s 
would fit very well the I-V ideal exponential low voltage 
sector and any value for Seff much smaller than 10 cm/s 
would fit very well the I-V ideal exponential high voltage 
sector. Fitting the hump region, however, requires an 
accurate knowledge of the value of Seff and the shape of 
its decline. Therefore, the most accurate fitting of the I-V 
characteristics would be ensured if the calculated Seff-Vj 
dependence matches that extracted from the current 
measurements. As depicted in Fig. 5, an excellent 
matching is achieved when Seff is calculated according to 
SRH recombination assuming equal capture cross 
sections sn = sp = 1.35x10-15 cm2, Dit = 1010 /cm2/eV, and 
a surface potential ys = 0.175 V. The latter relates to a 
positive charge density Qf in the oxide layer in the high 
109 /cm2 range which agrees well with values reported in 
several previous reports. An excellent matching is also 
possible when asymmetry in capture cross sections is 
traded with surface potential, for instance with ys 
reduced from 0.175 V to 0.115 V and with sn = 1.35x10-14 
cm2 and sp = 1.35x10-16 cm2. Excellent matching can 
also be achieved with several combinations of the 
parameters. 
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Fig. 5. Matching Seff calculated according to SRH model and 
amphoteric recombination model with data extracted from 
measured PERL cell dark I-V characteristics [15]. 1. SRH: sn =
sp = 1.35x10-15, ys = 0.175 V, 2. AMPH: sn

0 = 3.2x10-16 cm2, 
sn

+ = 10sn
0, sp

0 = 1.6x10-15 cm2, sp
- = sp

0, Ecor = 0.3 eV and 
ys = 0.165 V. For both models Dit = 1010 /cm2/eV. 
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The experimental Seff-Vj dependence is equally well 
matched when Seff is calculated according to the 
amphoteric center recombination model, as depicted in 
Fig. 5 for instance assuming a surface potential ys = 
0.165 V, Dit = 1010 /cm2/eV, sn

0 = 3.2x10-16 cm2, sp
0 = 

1.6x10-15 cm2, sn
+ = 10sn

0 and sp
- = sn

0. Other 
combinations of parameters would also lead to similar 
results. 

Having succeeded the matching of calculated/ 
measured Seff, a successful and accurate fitting of the 
measured dark I-V characteristics is systematically 
ensured as displayed in Fig. 6 for both SRH and 
amphoteric center recombination models. 

IV. IMPACT OF THE HUMP ON SOLAR CELL 

PERFORMANCE UNDER ILLUMINATION  

The impact of the hump on the performance of the cell 
under study is clear in Fig. 7 displaying the illuminated I-
V characteristics in the voltage range close to the 
maximum power point. These characteristics are 
obtained by superposing a photogenerated current Jsc = 
40 mA/cm2 to the dark I-V characteristics. The influence 
of the hump is seriously detrimental at values of surface 
potential smaller than 0.15 V which is an indication that 
the hump in the dark I-V characteristics occurs at a 
voltage close to that of the maximum power point.  

The open circuit voltage Voc of the cell under study is 
calculated from the relationship 
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and plotted versus surface potential ys in Fig. 8(a). Voc 
has a constant maximum value of 698 mV at high values 
of surface potential when the hump occurs in the lower 
voltage range and the dark saturation current density is at 
its minimum value of 62 fA/cm2. The minimum value of 
Voc occurs at ys = 0.03 V and is equal to 673 mV which 
corresponds to Job = 167 fA/cm2 and hence to a higher Seff. 
The fact that Voc and Job are affected by the value of Seff 
means that the latter lies in the intermediate range 
between the high and the low limits defined in (8a) and 
(8c). Hence, to avoid performance degradation, the back 
interface passivation should be designed such that ys is 
outside this critical range. With a large positive oxide 
charge density, typically in the high 109 /cm2 range, the 
electron surface concentration is high enough to shift Seff 
to the tail end of the declining regime with very small 
values bringing Job to its low limit (8d). Alternatively, 
with a large negative charge in the oxide ys is negative 
leading to surface accumulation with holes. In such a 
case the value of Seff in the plateau regime is very small 
which shifts the hump to the very high voltage range 
outside the range of interest. Such a p-type back surface 
passivation scheme has been successfully realized in 
recent years using a few atomic layer thick Al2O3 layer 
containing a large density of negative charge and 
deposited by atomic layer deposition (ALD) [17]. 

As depicted in Fig. 8(b), the hump affects the Fill 
Factor (FF) seriously if it occurs close to the maximum 
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Fig. 6. Fitting measured PERL cell dark I-V characteristics [15] 
with Seff calculated according to SRH and amphoteric 
recombination models with the same surface parameters 
leading to the Seff matching displayed in Fig. 5. 
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Fig. 7. I-V curves under illumination in the voltage range close 
to the maximum power point with emphasis on discrepancies 
due to hump in the dark I-V characteristics. 
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power point. For instance, the FF calculated from the I-V 
characteristics under illumination decreases from a 
maximum of 84.6% when ys is larger than 0.2 V to a 
minimum of 77.1% when ys = 0.08 V as depicted in Fig. 
8(b). 

Such degradations in Voc from 698 mV to 673 mV and 
in FF from 84.6% to 77.1% lead to a significant drop of 
the efficiency of the cell from 23.64 % to 21.42% within 
the critical surface potential range, as depicted in Fig. 
8(c). The same conclusion can also be drawn if the 
capture cross sections are not equal (K ≠ 1) but with a 
shift in the critical surface potential range as depicted in 
Fig. 8(c). 

V. SUMMARY AND CONCLUSIONS  

Modelling of surface recombination following 
Shockley-Read-Hall and amphoteric recombination 
statistics confirm that the switch of Seff from high values 
at low voltage to smaller values at high voltage is 
responsible for shaping a hump in the dark I-V 
characteristics of the cell. The transition voltage from 
low to high voltage range is determined by the values of 
the surface potential, values and ratio of electron to hole 
capture cross sections. Excellent fitting of measured dark 
I-V characteristics is obtained with SRH as well as with 
amphoteric recombination statistics with different 
combinations of surface potential, recombination center 
density, capture cross sections values and ratios. Hence, 
it is not possible from the dark I-V characteristics to 
extract a value for any of the surface parameters 
independently of other parameters without other 
supporting independent confirmation. Excellent fitting 
with equal capture cross sections is also obtained which 
indicates that the presence of a hump in the I-V 
characteristics does not necessarily mean that capture 
cross sections are largely asymmetric as previously 
suggested [14]. The degradation of the cell performance 
can be avoided if the hump is properly positioned in the 
I-V characteristics well below the maximum power point. 
This can be done by controlling the surface potential 
through varying the fixed charge density in the SiO2. 

As mentioned earlier, the best reported efficiency for a 
PERL cell amounts to 25% with a short circuit current 
density of 42 mA/cm2 and an open circuit voltage of 706 
mV. The corresponding dark saturation current density 
estimated to 46 fA/cm2. Given the high quality of the 
Float Zone silicon bulk material with a diffusion length 
of a few times longer than the base width, the dark 
current is practically completely due to surface 
recombination. Maintaining the photocurrent at 42 
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Fig. 8. (a) Open circuit voltage of the PERL cell under study, 
with surface parameters described in section III. 1. and equal 
capture cross sections (K=1), as a function of the surface 
potential, (b) Fill Factor of the PERL cell under study with 
surface parameters described in section III. 1. and equal capture 
cross sections (K=1) as a function of the surface potential, (c) 
Conversion efficiency of the PERL cell with surface parameters 
given in section III. 1., as a function of the surface potential for 
three different capture cross section ratios: K = 0.1, 1, and 10. 
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mA/cm2, the efficiency may attain 26% if the open 
circuit voltage could reach 734 mV which corresponds to 
a maximum surface recombination saturation current 
density of 15.6 fA/cm2. The present work indicates that 
even with very small values of Seff it is hard to reach such 
a small current in the PERL cell. On the other hand, a Voc 
exceeding 740 meV has been reached in the HIT cell 
implementing an amorphous silicon-crystalline silicon 
(a-Si:H/c-Si) interface [3]. Therefore, if the PERL cell 
technology with its very high short circuit current could 
be combined with a HIT-like back surface passivation the 
limit of 26% could be possibly exceeded. A step towards 
this goal has been reached with the announcement of an 
efficiency of 25.6% with a back sided HIT cell [4]. 
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