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1970s Solar Cell Analysis 

Approach: Think of a solar cell as a big diode and  
       solve the semiconductor device modeling equations 

Current = Drift + Diffusion 
Continuity: dJ/dx = Volume Generation - Volume Recombination 
Voltage = kT/q ln(nNA/ni

2) - Resistance Loss 

Problem: Not Very Obvious How Cell Converts Light Energy 
                Into Electric Energy 

•  No explicit mention of total photo-generation 
•  Lots of approximations are involved 
•  Hard to grasp three dimensional effects 
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New Method, 1980s.  
View operation as an energy conversion process 
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Cell Voltage 
Difference in quasi-Fermi levels (or electrochemical potential) 
At the positive and negative metal contacts 



© 2012 SunPower Corporation 

Integral forms of current are exact 
consequence of transport equations 
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95 

Next  the divergence theorem is used to convert the left-hand side to surface 
integrals over the device's surface, Sto t 

f Jn "hdS=q f(r--gph) dv (12) 
Sto t V 

f j ; . ~ , = - ~  fCr-g,,h, dv (z3) 
8to t v 

The surface integration is divided into three regions: $1 (contact  1), $I 
(contact  2) and S (remainder of  device) giving 

Sto t S t S 2 S 

(14) 

f ¢~'a~ = f J= . ~ , +  f J ~ . ~  + fs= .ads ,,~) 
Sto t St 8 2 S 

At contact  1 the current is 

f J= f"  i I = -- • fi d S - -  Jp"  n d S  (16) 

St S~ 

The minus sign results because the normal vector h is outward while the 
current is referenced inward. Now, solving for --fs, J~," h dS in eqn. (15), 
inserting this into eqn. (16), and using eqn. (13) gives 

,,=fJ,,'~ds--fJ='~+f4,'a+qfrav--,,f~,,,haV <,, 
S 2 S 1 S V V 

Let us suppose that  contact  1 is p-type and contact  2 is n-type so that 
Jp and Jn are minority carrier currents in the integrations in eqn. (17) .  
Since, in a solar cell, positive current out  of  the p-type contact  corresponds 
to positive ou tpu t  power it is convenient to define the terminal current  
I = - - i l  = i2. Then eqn. (17) can be written in the suggestive form 

I = / p h  - -  I b ,  rec - -  I s ,  rec - -  I c o n t , r e c  ( 1 8 )  

where 

/ph = q  f gph d v  

v 

photoproduct ion  current  
96 

Ib,rec ---- q f r dv 
V 

bulk recombination 

S 

surface recombination 

Icont, rec --- fJp.hdS- contact recombination (19) 
8 2 S~ 

In other words, if one properly accounts for recombination, one can say that 
the output  current equals the photoproduction current minus the total 
recombination current. It  should be stressed that  eqn. (18) is an exact result 
of the continuity equation. 

The integral approach has the advantage that any errors in n and p tend 
to be averagedout  when performing the integrations. It also does not  depend 
on knowing Vn a n d  Vp. For solar cells, using eqn. (18) approaches the 
essence of what is desired more closely than the differential method which 
requires knowledge of the carrier fluxes throughout  the device. This is the 
approach used here. 

4.3. Terminal voltage 
The point-contact cell has highly doped regions near the contacts and a 

lightly doped base. Its band diagram is shown in Fig. 5. The horizontal co- 
ordinate position on this diagram is not  a spatially straight line from front to 
back, but just represents a continuous physical path from the p÷ to n + con- 
tact areas. The terminal voltage (less any drop in the contacts and metal 
bus) is Cp at the p+ contact minus ~bn at the n ÷ contact. 

To a very good approximation Cn can be assumed constant through the 
n ÷ region, its space charge region, and into the edge of the neutral base near 
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RAND 

MINIMUM 
p+ n ÷ 

METAL DOPED ~ BASE " DOPED METAL 
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F i g .  5 .  P o i n t - c o n t a c t  s o l a r  c e l l  b a n d  d i a g r a m .  
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Cell Current 
Contact  
recombination 

Bulk 
recombination 
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Dick Schwartz summed up the new view best: 
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Think of a bucket with leaks at different heights. Photons  
are like water pouring into the bucket raising the water level.  
The water level is like excess carrier density, or equivalently like  
increased separation of quasi-Fermi levels, or equivalently 
like increased difference in electron and hole electrochemical  
potential. The water rises until leaks balance inflow. If you plug  
one source of leakage (recombination), the level will rise until  
another is found. The object is to plug as many sources of 
recombination as possible. 
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Required Modeling Parameters 
Parameter Old (1975) 
Intrinsic carrier conc.  ni 1.45E10 cm-2 

Ambipolar Auger 
coef. 

Ca 3.8E-31 cm6/s 
(Cn + Cp) 

Minority carrier 
mobility 

µn, 
µp 

Same as majority 
carrier mobility 

Ambipolar Diff. Coef Da Decreases as mobiiity 
Bandgap shrinkage !Eg All over the map 
Absorption coef. "(#) Not known near band 

edge 
Surface rec. veloicty s Poorly characterized 
Radiative rec. coef. B 2.1E-15 cm3/s to 

9.5E-15 cm3/s  
Specific contact res.  Rc Poorly characterized 
Light trapping Not understood 
2D and 3D effects Not considered 

9 
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Parameter Old (1975) New 
Intrinsic carrier conc.  ni 1.45E10 cm-2 1.01E10  

Ambipolar Auger 
coef. 

Ca 3.8E-31 cm6/s 
(Cn + Cp) 

1.6E-30 cm6/s 

Minority carrier 
mobility 

µn, 
µp 

Same as majority 
carrier mobility 

Different and known 

Ambipolar Diff. Coef Da Decreases as mobiity Constant 
Bandgap shrinkage !Eg All over the map Well characterized 
Absorption coef. "(#) Not known near band 

edge 
Well characterized 

Surface rec. veloicty s Poorly characterized Well characterized 
Radiative rec. coef. B 9.5E-15 cm3/s or 

2.1E-15 cm3/s 
9.5E-15 cm3/s actual 
2.1E-15 cm3/s apparent 

Specific contact res.  Rc Poorly characterized Well characterized 
Light trapping Not understood Well characterized 
2D and 3D effects Not considered Well characterized 
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All Parameters Changed with Close Inspection 
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History of Limit Efficiency Calculations 
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The Detail Balance Argument of 
Shockley and Queisser 
!  At room temperature, the current of blackbody with energy greater 

than 1.12 eV photons striking a surface is 
0.27 fA/cm-2 

E 

P 

Silicon Bandgap 

Room Temperature Blackbody Photon Spectrum 
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1980, Loferski adds Light-Trapping 
and Minority Carrier Mirrors 

V 

Light Trapping 

Minority Carrier Mirrors, 
Or Heterojunction  
Contacts (s=0) 
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History of Limit Efficiency Calculations 
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Fig. 3. Optical  absorption  coefficient  of silicon at 300 K in the  vicinity 

of the  band edge [ 121. 

negligible and  the  scattering surfaces randomize  the light  inside 
the  semiconductor  it can  be shown  that  the  light-trapping  ef- 
fect increases the  mean  path  length  for  a light ray inside the 
material  from 2L to 4n2L [7]. A sufficient  condition  for  the 
light to be randomized is that  the  multiple  scattering surfaces 
behave as Lambertian surfaces [ 111 when averaged over some 
appropriate  length scale which may be as large as n2L.  

In  this case,  in the weakly  absorbing limit (aL < 1) the  light 
intensity is uniformly  distributed inside the  semiconductor, 
which is assumed to  be thick  compared to a wavelength of the 
radiation.  Since the average light ray experiences many re- 
flections  with variable path lengths before it escapes, the es- 
cape rate can be regarded as a  continuous process proceeding 
at  the  rate  1/4n2L in  units of per internal  path  length. Simi- 
larly the  absorption process  proceeds at  a  rate  equal t o  a, the 
absorption  coefficient,  in  the  same  units.  It follows that  the 
probability  per  unit  internal  path  length  for  a  photon to  be 
absorbed is a  ratio of competing  rates, namely the  rate  at 
which absorption takes place divided by the  rate  at which 
absorption plus  escape through  the loss cone  takes place. The 
absorption  probability is the same as the  absorbance  or 

a(E)  = 1 

for aL << 1. Since 4n2 is large (50 at  the band edge of sili- 
con), (7)  is a  good  approximation to  the  absorbance even for 
a(E) as large as 0.9. Above this value, the  true  absorbance  ap- 
proaches  unity  more  rapidly  (exponentially)  with large a than 
predicted by (7); however,  since the  approximate expression is 
already close to  unity  at  this  point  the discrepancy is not sig- 
nificant. The expression  in (7) for  the  absorbance  together 
with ( 5 )  can be used to calculate the limiting  efficiency for 
any semiconductor  material in  which  radiative recombination 
is  the  dominant  recombination mechanism. 

In Fig. 3 we show  the  optical  absorption  coefficient of sili- 
con  in  the vicinity of the  band edge [ 121 . In Fig. 4,  we  show 
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Fig. 4. Absorbance as a  function  of thick:ness for slabs of silicon in 

which the light is fully  randomized.  The  numbers  indicate  the slab 
thickness  in  micrometers. 
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Fig. 5. Short-circuit  current as a  function of silicon  thickness  for  mate- 
rial with  textured surfaces  (solid  line) and specular  surfaces  (dashed 
line),  based on the SERI AM1.5 global 37" tilt solar spectrum,  with 
9 7 - m ~ / c m ~  total  power [ IO].  

the  absorbance as a  function of photon energy  calculated by 
substituting  the  absorption  data  of Fig. 3 int.0 (7)  for  four dif- 
ferent silicon thicknesses. The  index of refraction as deter- 
mined experimentally from  the reflectivity  at 1.1 eV, gave 
4n2 = 50. For convenience  in  this paper we take 4n2 to be a 
constant  equal t o  50 in the wavelength range of  interest. 

EFFICIENCY O F  SILICON  SOLAR  CELLS 

From Fig. 4 we note  that  the  absorption  threshold for sili- 
con  shifts  by  about 0.2 eV to higher energy as the silicon sheet 
thickness decreases from 2000 to 2 pm. This  shift  in the  ab- 
sorption  threshold can be convertad  into  a thickness de- 
pendent  short-circuit  current  by numerical  evaluation of the 
I,, integral  in (5). The calculated short-circuit  current as a 
function  of silicon thickness is shown  in Fig. 5 for  material 
with  textured surfaces, based on  the  absorbance in (7) ,  and 
for  material  with specular  surfaces based on  the  absorbance 
a(E) = 1 - exp [- 2a(E) L ]  . In  both cases the  front  and back 
surfaces  are assumed to have zero  and  unity reflectivity  re- 
spectively. From Fig. 5 we note  that  the light-trapping effect 
is particularly  important  for  thin samples. Incidentally,  the 
strong thickness  dependence of the  absorption threshold 
points  out  the  inadequacy  of  the  assumption  that E, = 1.1 eV 
in silicon solar cell calculations. 

As long as the electron-hole  pairs and  photons  interconvert 
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Limiting  Efficiency of Silicon Solar Cells 
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Abstract-The detailed balance method for calculating the radiative 
recombination limit to the performance of solar cells has been extended 
to include free carrier absorption and Auger recombination in addition 
to radiative losses. This method has been applied to crystalline silicon 
solar cells where the limiting efficiency is found to be 29.8 percent 
under AM1.5, based on the measured optical absorption spectrum and 
published values of the Auger and free carrier absorption coefficients. 
The silicon is assumed to be textured for maximum benefit from light- 
trapping effects. 

INTRODUCTION 

S ILICON IS uniquely favorable as a  photovoltaic  material. 
Not  only is it  one of the  most  abundant  elements in the 

earth’s crust,  but  it is also an  elemental  semiconductor whose 
bandgap is nearly  an ideal match  to  the solar spectrum. Be- 
cause of these and  other favorable attributes of silicon, the 
ultimate limiting performance of silicon solar cells is a basic 
constant of nature  that is of some interest, since it specifies 
a limit that  cannot be exceeded  by clever device design. 

Two  approaches have been taken to calculations of the 
limiting performance of silicon solar cells in the  past.  In  the 
first approach [ l ]  - [3],  one calculates the efficiency as a 
function of bandgap for  hypothetical  semiconductors  with 
step  function  optical  absorptions  and radiative recombination 
only.  Then  the limiting  efficiency of silicon is  taken  to be the 
same as the  hypothetical  material  with bandgap  1.12  eV. In 
the  second  approach [4] , [5] a  particular device structure is 
chosen such as an n  or  p diffused junction cell for  example, 
and  then  the limiting performance  of  an  optimized device is 
calculated from  the  known  properties of silicon. 

Both  approaches have weaknesses. The first approach ne- 
glects Auger recombination,  a  fundamental loss mechanism that 
is comparable  with radiative recombination in  crystalline sili- 
con,  under  one-sun  illumination.  In  addition  a  step-function 
optical  absorption is not necessarily a  good  approximation  for 
the  optical absorption. of an  indirect bandgap semiconductor 
such as silicon. The  problem  with  the  second device-based ap- 
proach is that in  focusing on a particular device structure  one 
can  build in device-dependent losses that  could  in principle  be 
eliminated by more clever designs. 

In this  paper we calculate the limiting  efficiency of silicon 
solar cells of variable thickness, based on  the  measured  optical 
absorption of crystalline silicon. Auger recombination  and 
free  carrier absorption are  included in addition to radiative 
recombination. All of  these loss processes are  fundamental 
properties  of  the  material.  The surfaces of the silicon  are as- 

Manuscript received December 13 ,  1983. 
The authors are with the Corporate  Research Science Laboratories, 

Exxon Research  and  Engineering Co., Clinton Township, Annandale, 
NJ 08801. 

sumed to be textured  to fully randomize thie incident sunlight 
for  maximum  enhancement of the  optical  absorption  through 
light trapping  and  reabsorption of recombination  radiation 
[6] , [ 7 ] .  The  incident sunlight is assumed to  occupy  a large 
solid angle in the  sky,  appropriate to a  nontracking  flat-plate 
solar collector, Accordingly, the limiting  efficiency  calcu- 
lated in  this paper applies to  the case of a full 277-sr acceptance 
angle for  incident light. For  clarity of presentation we begin 
with  a review of the efficiency  in the radiative recombination 
limit,  for  semiconductor  material  with a step-function ab- 
sorbance. Then we generalize the result to  the case where 
the absorbance is a  continuous  function of photon energy 
and finally we specialize to silicon including  free  carrier ab- 
sorption  and Auger recombination. 

STEP FUNCTION ABSORBANCE 
We consider a slab of  semiconductor  material  with  a  perfect 

antireflection  coating  on  the  front surface (zero reflectivity) 
and a perfect reflecting coating on the back  surface (unity 
reflectivity) as shown in Fig. 1.  The  semiconductor  material 
is assumed to be ideal  in the sense that every photon  absorp- 
tion event produces  a free electron-lhole pair and every recom- 
bination  event generates a  luminescent  photon. In this case, 
the  condition  for  steady  state is that  for every solar photon 
that is absorbed,  a  luminescent  photon  must be reradiated to 
the  surroundings  or  an  electron-hole pair must be extracted 
as an electrical current in an  external  circuit. Of course this 
condition does not  mean  that every recombination event pro- 
duces a  photon  that is lost to  the  outside.  In general, the lumi- 
nescent photons will have a high probability  of being  reab- 
sorbed so that  the electron-hole  pair  popu:lation will build up 
to  the  point where the  reradiation balances the  incoming solar 
flux. 

The  luminescent emission spectrum  of  an  optically or elec- 
trically excited  semiconductor has the  form of an  ambient 
temperature black-body spectrum,  multiplied  by  a  coupling 
coefficient  that is related to  the  optical density of  the semi- 
conductor, all scaled up by the  factor  exp I[p/kT] determined 
by  the  internal chemical potential p [8]. This  chemical poten- 
tial also determines  the  electron-hole pair population  through 
the  relation 

np = n i p i  exp [;?I 
where n and pi are the equilibrium electron  and hole popula- 
tions  at  temperature T. In  the absence of electron-hole con- 
centration gradients, a  good  assumption for  high  electronic 
quality crystalline silicon under  the  conditions  of  interest  here, 
p will be a  constant  throughout  the material. Furthermore  it 
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History of Limit Efficiency Calculations 
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Recombination ir  Highly  Injected  Silicon 

Abstract-Recent advances in solar cells designed to operato  under 
high-level  injection  conditions  have  produced  devices  that  :we ap- 
proaching  some of the  limits  imposed by the  fundamental band-taN-band 
Auger  recombination in silicon. A device has been  optimized t D study 
this  recombination by using  the  fabrication  technology deve1oi)ed for 
point-contact  solar cells. Using  both  steady-state .and transient  mea- 
surements,  the  recombination  rates in high-resistivity Si  in  the iikjected 
carrier  density  range of 10'' to 2 X i O I 7  carriers/cn13  were  investi- 
gated.  The  coefficient of the recombination,  which  depends on tlw car- 
rier  density cubed, is fouhd  to be 1.66 X cm6/s & 15 pc:rcent. 
This  result is four times higher  than the ambipolar  Auger  coe'ficient 
commonly  used  in  the  modeling  of  devices  that  operate  in  this ir jected 
carrier  density  range and lowers  the  expected  limit  efficiencies ibr sil- 
icon  solar cells. 

A 
I. INTRODUCTION 

S SILICON MATERIAL and processing technjclues 
improve, the ultimate efficiencies of Si solar cells are 

expected to be limited by the bulk Auger recombinxtion 
[ 11, [2]. Under high-level injection conditions, this re- 
combination has a characteristic signature, due to it5 de- 
pendence on the cube of the carrier  density, and has Ij'een 
observed in the best demonstrated Si concentrator solar 
cells. These cells  are made from high-resistivity si1 con 
but are conductivity modulated to carrier densities greater 
than 1OI7/cm3 by the photogeneration under concentrxted 
sunlight. A comparison of the modeling predictions to the 
short-circuit current versus incident illumination intensity 
data was previously found to be poor unless the Atger 
recombination coefficients are increased by a factor o f  3 
or 4 over the commonly accepted values in the relelant 
range of carrier densities, up to 10L7/cm3 [3]. In this pa- 
per we show that such a modification is also necessary to 
account for the illuminated open-circuit voltage and the 
open-circuit voltage decay. 

The most widely used values for the Auger coefficients 
are those measured by Dziewior and Schmid in hea%ily 
doped silicon and Svantesson and Nilsson in highly in- 
jected silicon [4], [5].  These coefficients are in gcod 
agreement, 3.8 and 3.88 X cm6/s, respectively. if 
the ambipolar coefficient is taken to  be the sum of the 
individual coefficients in p-type and n-type silicon. Both 
of these experiments determined the recombination rates 
primarily at carrier densities above 10" carriers/cm3 
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the Stanford Integrated Circuits Laboratory Research Institute under G m  
tract RP-790-2 and under an Exxon Fellowship. 

CA 9430.5. 
The  authors  are with the Stanford Electronics  Laboratories, Stanfod, 
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where this recombination clearly dominates over the  other 
recombination processes. Other authors have observed an 
apparent increase in the coefficient of this recombination 
at carrier densities less than 10" [6]-[8]. Most of these 
results involved a subtraction of other comparable recom- 
bination components in the analysis for this range in car- 
rier density except for  the most recent results on unpro- 
cessed Si. One of these experiments measured the high 
injection lifetimes by utilizing high-resistivity wafers that 
were screened for unusually long bulk lifetime. The sur- 
face recombination was reduced to extremely low levels 
by immersion in acids [9]. Other authors have measured 
the lifetimes in float-zone doped material either in the 
boule or in thick wafers [lo], [ 1 11. 

In this study, we have optimized a device specifically 
to study the lifetimes under high-level injection condi- 
tions in processed silicon by utilizing the observed sen- 
sitivity of high-efficiency concentrator solar cells to this 
parasitic recombination component. We designed and 
fabricated a test structure that can determine the coeffi- 
cient of this process by focusing on a special case for 
which the analysis is vastly simplified, and this recombi- 
nation is dominant. Such a device can be constructed so 
that the analysis is insensitive to the modeling parameters 
such as the diffusion coefficients. 

11. METHOD 
The method chosen to characterize the Auger recom- 

bination was to monitor the open-circuit voltage of a high- 
injected solar cell under both steady-state conditions, 
using a measurement of V,, versus the incident illumina- 
tion intensities, and transient conditions, by observing the 
open-circuit voltage decay (OCVD). Point-contact solar 
cells of the configuration shown in Fig.  1 have shown a 
sensitivity to the Auger recombination. Since this recom- 
bination produces a parasitic loss in solar cell efficiency, 
a well designed solar cell will necessarily minimize this 
effect. A detailed model of this solar  cell has arisen from 
this effort [ 131. Using this model,  the opposite effect can 
be achieved, that is, to maximize the sensitivity to this 
recombination. This is the approach described here. 

Consider the special case of a solar cell under open- 
circuit voltage conditions. The photogenerated carriers per 
unit of cell area Jph are balanced by the recombination R 
as well as the change in carrier  density, both expressed as 
charge 
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improve, the ultimate efficiencies of Si solar cells are 

expected to be limited by the bulk Auger recombinxtion 
[ 11, [2]. Under high-level injection conditions, this re- 
combination has a characteristic signature, due to it5 de- 
pendence on the cube of the carrier  density, and has Ij'een 
observed in the best demonstrated Si concentrator solar 
cells. These cells  are made from high-resistivity si1 con 
but are conductivity modulated to carrier densities greater 
than 1OI7/cm3 by the photogeneration under concentrxted 
sunlight. A comparison of the modeling predictions to the 
short-circuit current versus incident illumination intensity 
data was previously found to be poor unless the Atger 
recombination coefficients are increased by a factor o f  3 
or 4 over the commonly accepted values in the relelant 
range of carrier densities, up to 10L7/cm3 [3]. In this pa- 
per we show that such a modification is also necessary to 
account for the illuminated open-circuit voltage and the 
open-circuit voltage decay. 

The most widely used values for the Auger coefficients 
are those measured by Dziewior and Schmid in hea%ily 
doped silicon and Svantesson and Nilsson in highly in- 
jected silicon [4], [5].  These coefficients are in gcod 
agreement, 3.8 and 3.88 X cm6/s, respectively. if 
the ambipolar coefficient is taken to  be the sum of the 
individual coefficients in p-type and n-type silicon. Both 
of these experiments determined the recombination rates 
primarily at carrier densities above 10" carriers/cm3 
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where this recombination clearly dominates over the  other 
recombination processes. Other authors have observed an 
apparent increase in the coefficient of this recombination 
at carrier densities less than 10" [6]-[8]. Most of these 
results involved a subtraction of other comparable recom- 
bination components in the analysis for this range in car- 
rier density except for  the most recent results on unpro- 
cessed Si. One of these experiments measured the high 
injection lifetimes by utilizing high-resistivity wafers that 
were screened for unusually long bulk lifetime. The sur- 
face recombination was reduced to extremely low levels 
by immersion in acids [9]. Other authors have measured 
the lifetimes in float-zone doped material either in the 
boule or in thick wafers [lo], [ 1 11. 

In this study, we have optimized a device specifically 
to study the lifetimes under high-level injection condi- 
tions in processed silicon by utilizing the observed sen- 
sitivity of high-efficiency concentrator solar cells to this 
parasitic recombination component. We designed and 
fabricated a test structure that can determine the coeffi- 
cient of this process by focusing on a special case for 
which the analysis is vastly simplified, and this recombi- 
nation is dominant. Such a device can be constructed so 
that the analysis is insensitive to the modeling parameters 
such as the diffusion coefficients. 

11. METHOD 
The method chosen to characterize the Auger recom- 

bination was to monitor the open-circuit voltage of a high- 
injected solar cell under both steady-state conditions, 
using a measurement of V,, versus the incident illumina- 
tion intensities, and transient conditions, by observing the 
open-circuit voltage decay (OCVD). Point-contact solar 
cells of the configuration shown in Fig.  1 have shown a 
sensitivity to the Auger recombination. Since this recom- 
bination produces a parasitic loss in solar cell efficiency, 
a well designed solar cell will necessarily minimize this 
effect. A detailed model of this solar  cell has arisen from 
this effort [ 131. Using this model,  the opposite effect can 
be achieved, that is, to maximize the sensitivity to this 
recombination. This is the approach described here. 

Consider the special case of a solar cell under open- 
circuit voltage conditions. The photogenerated carriers per 
unit of cell area Jph are balanced by the recombination R 
as well as the change in carrier  density, both expressed as 
charge 
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ABSTRACT 

A new parameterization for Auger recombination in 
Silicon has been determined, which accurately fits the 
highest available experimental lifetime data for arbitrary 
injection level and dopant density, for both mtype and p 
type dopants. Our analysis confirms that Auger recombi- 
nation is enhanced above the traditional free-particle rate 
at both low injection and high injection conditions. The 
new parameterization is used to show that Coulomb- 
enhanced Auger recombination imposes the most severe 
bound on the achievable efficiency of crystalline silicon 
solar cells, with a maximum limiting efficiency of 29.05% 
determined for a high resistivity silicon base (Sopm thick). 
The limiting elficiency reduces for more heavily doped 
silicon and is lower for mtype silicon compared to ptype 
silicon, 

1. INTRODUCTION 
Auger recombination can significantly influence the 

performance of many silicon devices. Accurate models for 
determining the rate of Auger recombination as a function 
of injection level and doping density are therefore essen- 
tial, particularly for device simulation. Traditionally, Auger 
recombination is viewed as a three-particle interaction 
where a conduction band electron and a valence band 
hole recombine, with the excess energy being transferred 
to a third free electron or hole. The charge carriers in- 
volved are assumed to be non-interacting quasi-free parti- 
cles, from which it follows that the Auger lifetime ideally 
depends on the inverse of the carrier density squared ( 7 ~  
Frl/n?. 

In reality however, Auger recombination is more compli- 
cated. Band-to-band Auger processes can occur with and 
without phonon participation, which results in a different 
doping dependency for the recombination rate. It also 
has been shown that Coulombic interactions between the 
mobile charge carriers results In electrons and holes be- 
ing correlated due to the formation of excitons [i]. The 
eeh Auger process is then strongly enhanced due to the 
increased electron density in the vicinity of a hole, with a 
similar mechanism for the ehh process. The strength of 
the Coulomb-enhancement (CE) depends on the concen- 
tration of carriers due to screening of the electron-hole 
interaction. Finally, additional processes that have not yet 
been accounted for may impact the Auger lifetime, such 
as the Coulombic interactions between mobile charged 
carriers and fixed charges (ionized dopant atoms). 

It iS therefore difficult to conclude what the doping and the 
injection level dependencies of the Auger lifetime should 
be from a theoretical perspective. The VI? dependence 
provides an upper limit, with the various other factors de- 
creasing the lifetime. In this paper, we propose a new 

0-7803-7471-1/02/$17.00 02002 IEEE 

formulation for the Auger recombination rate in silicon and 
develop a parameterization that is consistent with the ob- 
sewed injection level dependent lifetime data for mtype 
and ptype silicon of various resistivities. Finally, we apply 
the new parameterization to model the limiting efficiency 
of crystalline silicon solar cells as a function of the cell 
thickness, dopant density and dopant type. 

2. A NEW AUGER PARAMETERIZATION 

2.1 Existing Analytical Models 
Various analytical expressions exist for estimating the 

Auger lifetime. Most of the models determine either the 
low injection Auger lifetime as a function of dopant density 
[2, 31 or the ambipolar Auger lifetime for lightly doped sili- 
con under high injection [4, 51. Schmidt et a/. 161 and Al- 
termalt et al. [7] have proposed a parameterization for the 
CE Auger recombination rate that depends on both the 
dopant density and injection-level. While this model has 
been shown to be in good agreement with the experi- 
mental lifetime data for intermediately doped ptype sili- 
con, it has not been tested for mtype silicon and over- 
estimates the rate of Auger recombination in highly in- 
jected, lowly doped material. A simple model that changes 
the rate of Auger recombination in silicon with the injec- 
tion level is used in the device simulation package PClD, 
with a variation of this model proposed by Glunz et al. [E]. 
These models do not account for the CE effect under high 
injection however and, as a consequence, underestimate 
the recombination rate for mid to high injection levels and 
overestimate it at very high injection levels. 
2.2 The New Parameterization 

Experimental and theoretical considerations indicate 
that at least three separate parameters are required to 
accurately model Auger recombination. These parameters 
are not constants due to the role of Coulombic forces, 
which depend on the density and ratio of the mobile 
charges. We accordingly propose that Auger recombina- 
tion is a three-particle process that depends on the equi- 
librium concentration of free electrons and free holes, and 
on the density of excess carriers such that 

R ~ , ,  = n p [ ~ ( n ~ ) * ~  +c,(P,)P, +c,(h)hnl. (1) 

Fig. i(a) and l(b) show the highest low injection lifetimes 
experimentally measured by various authors for mtype 
and ptype silicon at 300K. A good fit to the data for 
ND,,e5x10’5cm’3 are the simple expressions Q, = l/I.ExlO~ 
“No1 55 for mtype silicon and TI, = 1 /6~10 ‘~N~‘  ss for p 
type silicon, which is consistent with the fit of Swirhun [3]. 
Fig. 2 shows the high injection lifetime data of Yablono- 
vitch and Gmitter [4] for lightly doped silicon afler the rate 
of radiative recombination has been subtracted. A simple 
parameterization that fits the injection level dependence 
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A new parameterization for Auger recombination in 
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highest available experimental lifetime data for arbitrary 
injection level and dopant density, for both mtype and p 
type dopants. Our analysis confirms that Auger recombi- 
nation is enhanced above the traditional free-particle rate 
at both low injection and high injection conditions. The 
new parameterization is used to show that Coulomb- 
enhanced Auger recombination imposes the most severe 
bound on the achievable efficiency of crystalline silicon 
solar cells, with a maximum limiting efficiency of 29.05% 
determined for a high resistivity silicon base (Sopm thick). 
The limiting elficiency reduces for more heavily doped 
silicon and is lower for mtype silicon compared to ptype 
silicon, 

1. INTRODUCTION 
Auger recombination can significantly influence the 

performance of many silicon devices. Accurate models for 
determining the rate of Auger recombination as a function 
of injection level and doping density are therefore essen- 
tial, particularly for device simulation. Traditionally, Auger 
recombination is viewed as a three-particle interaction 
where a conduction band electron and a valence band 
hole recombine, with the excess energy being transferred 
to a third free electron or hole. The charge carriers in- 
volved are assumed to be non-interacting quasi-free parti- 
cles, from which it follows that the Auger lifetime ideally 
depends on the inverse of the carrier density squared ( 7 ~  
Frl/n?. 

In reality however, Auger recombination is more compli- 
cated. Band-to-band Auger processes can occur with and 
without phonon participation, which results in a different 
doping dependency for the recombination rate. It also 
has been shown that Coulombic interactions between the 
mobile charge carriers results In electrons and holes be- 
ing correlated due to the formation of excitons [i]. The 
eeh Auger process is then strongly enhanced due to the 
increased electron density in the vicinity of a hole, with a 
similar mechanism for the ehh process. The strength of 
the Coulomb-enhancement (CE) depends on the concen- 
tration of carriers due to screening of the electron-hole 
interaction. Finally, additional processes that have not yet 
been accounted for may impact the Auger lifetime, such 
as the Coulombic interactions between mobile charged 
carriers and fixed charges (ionized dopant atoms). 

It iS therefore difficult to conclude what the doping and the 
injection level dependencies of the Auger lifetime should 
be from a theoretical perspective. The VI? dependence 
provides an upper limit, with the various other factors de- 
creasing the lifetime. In this paper, we propose a new 
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formulation for the Auger recombination rate in silicon and 
develop a parameterization that is consistent with the ob- 
sewed injection level dependent lifetime data for mtype 
and ptype silicon of various resistivities. Finally, we apply 
the new parameterization to model the limiting efficiency 
of crystalline silicon solar cells as a function of the cell 
thickness, dopant density and dopant type. 

2. A NEW AUGER PARAMETERIZATION 

2.1 Existing Analytical Models 
Various analytical expressions exist for estimating the 

Auger lifetime. Most of the models determine either the 
low injection Auger lifetime as a function of dopant density 
[2, 31 or the ambipolar Auger lifetime for lightly doped sili- 
con under high injection [4, 51. Schmidt et a/. 161 and Al- 
termalt et al. [7] have proposed a parameterization for the 
CE Auger recombination rate that depends on both the 
dopant density and injection-level. While this model has 
been shown to be in good agreement with the experi- 
mental lifetime data for intermediately doped ptype sili- 
con, it has not been tested for mtype silicon and over- 
estimates the rate of Auger recombination in highly in- 
jected, lowly doped material. A simple model that changes 
the rate of Auger recombination in silicon with the injec- 
tion level is used in the device simulation package PClD, 
with a variation of this model proposed by Glunz et al. [E]. 
These models do not account for the CE effect under high 
injection however and, as a consequence, underestimate 
the recombination rate for mid to high injection levels and 
overestimate it at very high injection levels. 
2.2 The New Parameterization 

Experimental and theoretical considerations indicate 
that at least three separate parameters are required to 
accurately model Auger recombination. These parameters 
are not constants due to the role of Coulombic forces, 
which depend on the density and ratio of the mobile 
charges. We accordingly propose that Auger recombina- 
tion is a three-particle process that depends on the equi- 
librium concentration of free electrons and free holes, and 
on the density of excess carriers such that 

R ~ , ,  = n p [ ~ ( n ~ ) * ~  +c,(P,)P, +c,(h)hnl. (1) 

Fig. i(a) and l(b) show the highest low injection lifetimes 
experimentally measured by various authors for mtype 
and ptype silicon at 300K. A good fit to the data for 
ND,,e5x10’5cm’3 are the simple expressions Q, = l/I.ExlO~ 
“No1 55 for mtype silicon and TI, = 1 /6~10 ‘~N~‘  ss for p 
type silicon, which is consistent with the fit of Swirhun [3]. 
Fig. 2 shows the high injection lifetime data of Yablono- 
vitch and Gmitter [4] for lightly doped silicon afler the rate 
of radiative recombination has been subtracted. A simple 
parameterization that fits the injection level dependence 
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Computationally, an initial solution for the limiting efficiency was obtained from Equation (5) by neglecting
free carrier absorption and photon recycling, allowing!n near the maximum power point to be estimated. This
!n was then used to evaluate the free carrier absorption coefficients and the photon recycling rate, and the solu-
tion iterated until self-consistent.

EFFECT OF COULOMB-ENHANCED AUGER RECOMBINATION

Figure 2 shows the limiting efficiency due to different intrinsic recombination processes for a 1" cm p-type
silicon solar cell. These calculations are for a temperature of 25!C and have used an intrinsic carrier concen-
tration in silicon of ni " 8#65$ 109 cm%3 and a thermal voltage of kT=q " 25#69mV.7 For the radiative
recombination curve we have used the experimentally determined value for the radiative recombination coeffi-
cient10 of B " 9#5$ 10%15 cm3 s%1, where the curve with no photon recycling is a lower bound for the limiting
efficiency due to radiative recombination alone. For the free-particle Auger recombination curve we have used
Auger recombination coefficients13 of Cn " 2#8$ 10%31 cm6 s%1 and Cp " 0#99$ 10%31 cm6 s%1.
It can clearly be seen from Figure 2 that, independent of cell thickness, CE Auger recombination imposes a

more severe bound on the limiting solar cell efficiency than either free-particle Auger recombination or radia-
tive recombination, even in the absence of photon recycling. The peak conversion efficiency imposed by CE
Auger recombination alone (no radiative recombination) is 28#7% for a cell thickness of 55 mm. This is 1#8%
lower than the limiting efficiency imposed by free-particle Auger recombination alone which would be 30#5%,
and 1#1% lower than the limiting efficiency imposed by radiative recombination alone (no photon recycling)
which would be 29#8%. Including photon recycling for a cell limited by radiative recombination alone increases
the limiting efficiency, particularly for thicker cells, as shown in Figure 2. Indeed, the inclusion of photon recy-
cling results in free-particle Auger recombination being more dominant than radiative recombination, as was

Figure 2. The limiting efficiency, as a function of cell thickness, for a 1" cm p-type silicon solar cell under one-sun
illumination at 25!C. The different curves show cells constrained by radiative recombination with (according to Figure 1)
and without photon recycling, free-particle Auger recombination and Coulomb-enhanced (CE) Auger recombination.
Independent of cell thickness, CE Auger recombination imposes the most severe bound on the efficiency limit. The shaded
region gives the upper and lower bound for the limiting efficiency including both CE Auger recombination and radiative
recombination, depending on the photon recycling rate, while the solid line gives the limiting efficiency including photon

recycling effects
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Excitonic effects are known to enhance the rate of intrinsic recombination processes

in crystalline silicon. New calculations for the limiting efficiency of silicon solar cells

are presented here, based on a recent parameterization for the Coulomb-enhanced

Auger recombination rate, which accounts for its dopant type and dopant density

dependence at an arbitrary injection level. Radiative recombination has been

included along with photon recycling effects modeled by three-dimensional ray tra-

cing. A maximum cell efficiency of 29!05% has been calculated for a 90-lm-thick cell

made from high resistivity silicon at 25"C. For 1X cm p-type silicon, the maximum

efficiency reduces from 28!6% for a 55-lm-thick cell in the absence of surface recom-

bination, down to 27!0% for a thickness in the range 300–500 lm when surface

recombination limits the open-circuit voltage to 720mV. Copyright # 2002 John

Wiley & Sons, Ltd.

INTRODUCTION

T
he limiting efficiency of crystalline silicon solar cells is of fundamental interest in photovoltaic
research. It is determined by intrinsic recombination processes occurring within the semiconductor
material, specifically radiative recombination and Auger recombination. Green1 and Tiedje et al.2

independently showed that Auger recombination places the most severe intrinsic bound on the one-sun
operation, resulting in a peak energy conversion efficiency of 29!8% for a 100-mm cell with an isotropic
response.2

In their original papers, both Green1 and Tiedje et al.2 used the traditional free-particle model for determining
the Auger recombination rate, RAuger:

RAuger # Cnn
2p$ Cpnp

2 %1&
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Photon Recycling Decreases the 
Effective Radiative 
Recombination 

B = 9.5 X 10-15 cm3/sec 

Beff = 2.1 X 10-15 cm3/sec 

But 

For typical cells with good 
light trapping 
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History of Limit Efficiency Calculations 
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Step % 

Thermodynamic 
limit 

33.2 1.15 eV 

Silicon band-gap 32.7 1.12 eV 

Incomplete 
absorption 

31.6 Thermodynamic 
or PC1D, W$ % 

Auger 
recombination 

29.0 

Silicon Limit 28.9 Finite mobility 

Losses Going From the Thermodynamic Limit  
to the Silicon Limit Cell  
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Fig. 1. - The experimental configuration. Carriers are 
generated optically by means of a Bash lamp. The pho- 
toconductivity decay is monitored inductively. 

THEORY 
In the lightly-doped base, .the standard high-level injec- 
tion semiconductor equations apply. After generation has 
stopped, 

$=-$+Dam& (2) 

At the pass&&d surface, z = 0, 

J,(O) = v(O) = qD.m,~ l.=o (3) 

At the emitter junction, on the base side of the space- 
charge region, z = W-, the boundary condition is 

-J”(r) = JOE dW-b;y-) - nF = -q&,rg Ir=,,- 

(4) 
h.(4) can be considered the definition of JOE and is a v&d 
description of an emitter in quasi-steady state provided 
a few non-restrictive assumptions apply 161. These are 
1) the material constants in the highly doped regions are 
,independent of the minority carrier density, 2) the quasi- 
fermi levels are constant across the space-charge region, 
and 3) space-charge region recombination is negligible. Be- 
cause the base is highly injected, p = n > n: and Q.(4) 
becomes. 

- J#-) = JOE? 

In general, this non-linear boundary condition at the emit- 
ter junction makes an analytic solution to the above equa- 
tions impossible. A related problem was treated by Schlang 
and Gerlach [7,8] and we have done a numerical simula- 

Fig. 2. - The photoconductivity measuring circuit. The 
steady-state conductivity is nulled out by the bridge. 

tion of the problem. The important result of this work is 
that when the diffusion length (m) is much longer 
than the base width and the diffusion velocity (Donr/W) 
is much greater than the effective recombination velocity 
at z = 0 and z = W- (s or Jo.&V)/qnf accordingly), the 
carrier density in the base rapidly becomes uniform after 
a few transit times, given by W*/2D.,,. Since the excess 
carrier concentration in the emitter is everywhere lees than 
that in the bate, and the emitter is much narrower than the 
base anyway, the emitter contributes a negligible amount 
to the photoconductivity. In that case, n(O) = n(W-) = fi, 
the measured quantity. Then, the total recombination is 
given by 

J,er,ror.r = -qW$ = qW$ + qEs + JOE; (6) 

The solution to Eq. (6) is given by 

(7) 

where 
(8) 

(9) 
(Fig. 3). t = 0 is taken as that time when the carrier 
distribution first becomes uniform. The expression (7) re- 
duces to a simple exponential if JOT = 0, and to l/t ‘if JOE 
dominates. 

A conceptually easy way of extracting .lO~ from an experi- 
mental decay is to plot l/~;~,,, the reciprocal instantaneous 
decay time, versus ii 

J0Efi $;-g=$+~+- , w qwq (10) 
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MEASUREMENT OF THE EMITTER SATURATION 
CURRENT BY A CONTACTLESS 

PHOTOCONDUCTIVITY DECAY METHOD 

D. E. Kane, R. M. Swanson 

Stanford Electronics Laboratories, McCullough 204 
Stanford, CA 94305 (415)-497-4766 

ABSTRACT 

A novel method for the measurement of the saturation 
current of emitters is described. The transient decay of 
photogenerated carriers ,is measured on a lightly doped 
sample containing the emitter profile of interest. In high 
level injection, the recombination rate from the emitter 
is proportional to the square of the carrier concentration, 
so it can be separated from the linear bulk and surface 
recombination. Since no ohmic connections are required, 
this technique is uniquely suited to the study of passivated 
emitters. Furthermore, the emitter saturation current of 
a given profile can be measured both with and without a 
passivation layer, so that the relative sources of emitter 
recombination can be determined. 

The measurement has been successfully performed on a 
variety of phosphorous and boron emitters. These results 
are presented. 

INTRODUCTION 

In silicon solar cells, the heavily-doped emitter regions, 
characterized by the emitter saturation current, JOE, are 
a major source of recombination which limits the open- 
circuit voltage and hence efficiency attainable. Today, 
there are several novel methods of JOT reduction being con- 
sidered [1,2,3]. Reliable measurements of this parameter 
are necessary to achieve an optimization. 

There are three conventional means of measuring .J,, of 
an emitter region. The first is to measure the total dark 
current of a solar cell, and to substract from it a value for 
the base recombination. The second involves performing a 
set of open-circuit voltage and short-circuit current decay 
measurements as described by Rose and Weaver 141. The 
third, and most accurate, is to fabricate a bipolar transis- 
tor and measure the base current. 

The main drawback, common to all these methods, is that 
they require an ohmic contact to the emitter being stud. 
ied. Consequently, they are incapable of measuring the 

properties of passivated emitter regions, even though such 
emitters are of great interest in the design of solar celle. 
In addition, any method suffers from the problem of sepa- 
rating the recombination in the emitter from the total re- 
combination. We describe a measurement method which 
circumvents these limitations. 

PRE’KXPLE OF THE MEASUREMENT 
The key features of the technique are the following: first, 
the carrier concentration in the sample is optically injected 
and subsequently monitored by a method of inductive cou- 
pling. This eliminates the need for an ohmic contact. SE- 
and, by putting the base into high-level injection, the emit- 
ter recombination has a quadratic dependence on the car- 
rier density and is therefore separable from the linear re- 
combination in the base and at the surfaces. Finally, emit- 
ter recombination is isolated by minimizing other murces 
of recombination. This is done by using lightly-doped, 
high-lifetime silicon for the base and a thermal oxide for 
passivation. The details of the measurement are described 
below. 

The emitter of interest is placed on one side of a high- 
resistivity wafer of thickness, W, having a high-level in- 
jection lifetime, oh,;. The other side is paesivated with a 
high-quality thermal oxide, characterized by a surface re- 
combination velocity, s. (Fig. 1) Again, no contact to the 
emitter is necessary. A llash lamp having a short pulse- 
width generates enough carriers to put the base into high- 
level injection, and the sheet photoconductivity or is mea- 
sured versus time by a contactless method which uees the 
principle of inductive coupling.[5] (Fig. 2) The measured 
quantity is proportional to 01, which is given by 

rJ, = 
r d/J. + f%)dZ = P’i(P. + PIP (1) 

where ii is the average photo-excited carrier density in the 
sample. (Equilibrium concentrations are nulled out by the 
circuit) The constant of proportionality is found by cali- 
brating the detection circuit with wafers of known conduc- 
tivity. The decay of 01 depends on JOE, 7,~;~ s, and D.,, in 
a manner prescribed by the equations in the next section. 
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less rapidly as the recombination begins to be limited by 
the rate at which carriers diffuse through the sample. How- 
ever, the error in JaE is less than 10% as long as the decay 
time is greater than 6 times the transit time, W*/ZD.,,. 
Furthermore, if the diffusion constant is known reliably, 
these effects can be accounted for in the data extraction of 
JOE. The problem can also be minimized experimentally 
by decreasing the base width. 

For a cell of finite thickness, this effect puts an upper limit 
on the value of JOE which can be measured. If the back- 
ground doping is ND, then the minimum carrier concen- 
tration for which the assumption of high-level injection 
remains valid is 

n,,,;” M lON, 

The constraint on JOT is then that the decay rate at this 
injection level is less than one-tenth of the transit time, or 

: Dd JOE < 0.1 x p x e x w 

which gives a maximum JoE of IO-“A/cm* for a wafer 
thickness of 1OOpm and a background doping of 5 x 10’Scm-S. 
Of course, there may be additional practical limitations 
more restrictive than this. For example, n,,,in may be 
considerably greater than 10N~ due to the resolution of 
the detection circuit, or the decay rate might be eo fast 
that it is comparable in length to the optical pulse width. 
For our apparatus, we estimate the upper limit to be m 
5 x 10-12A/cmz. 

The other main limit to the extraction of JOE deale with 
the validity of Eqs. 2 ,3, and 4. The analysis has assumed 
that rhfi and s are independent of,the carrier concentration. 
For SRH trap-mediated recombination, this is indeed the 
case in high-level injection. For Auger processes, however, 
the recombination is proportional to VS. This begins to 
play a role in the bulk at a carrier concentration of ap 
proximately l~O”cm-S. Finally, the surface recombination 
may not be linear over many ordere of magnitude bf carrier 
density. Uncertainties of this type place a lower limit on 
the measureable JOE, estimated to be about IO-“A/cm2 
for our system. 

The other eource of error is in the calibration of the ab- 
solute carrier density from the photoconductivity. At an 
injection-level of lO”~m-~, ,the uncertainty in ~the mobility 
may be of the order of 20%. This translates directly to a 
like error in JOT. 

EXPERMENT 

A schematic of the experimental apparatus is shown in Fig. 
2. The wafer is placed in close proximity to a two turn coil 
having a diameter of 1 cm. The generator frequency is 11 
Mhe and the linearity of the tircuit has been experimen- 

tally verified for all conductivities of interest. To convert 
the conductivity to carrier concentration, we use the mo- 
bility data of Dannhauser and Krause [lO,ll], and operate 
at densities where the uncertainty in the mobility is small. 

High lifetime 100-200 O-cm n-type < 100 > Boat zone sil- 
icon was etched to the desired thickness. Doped glass wae 
deposited on one side of the wafer, and the dopant was dif- 
fused into the Si at temperatures between 900 - 1120°C. 
The glass was removed, and a high quality thermal oxide 
wae grown at 1000°C for 90 minutes. After the JOE mea- 
surement was performed on the passivated emitter, the 
passivating oxide was replaced by a thin layer of Al, and 
the JOE measurement was repeated. 

A typical experimental result is shown in Fig. 6. The de- 
cay conforms to the theory over a wide range of carrier 
concentration. The extracted effective lifetime, given by 
l/r.,, = l/rns + s/W, is over 2 meet. This value is typ- 
ical for our process. From other measurements, the best 
estimate of these parameters is n,; > 2 msec and B < 12 
cm/sec.[12,13]. They are clearly unimportant in the ex- 
traction of JOE. 

We have verified that identical results are obtained whether 
the initial illumination is through the oxide or through the 
diffused side. This indicates that asymptotic decay is in- 
dependent of the initial excitation. This occurs when the 
sample width is less than the diffusion length. 

As a test of the method, identical phosphorous emitters 
were formed on both sides of wafers of varying thicknesses. 
By putting the emitter on both sides instead of just one, 
the effective JOE is doubled and the s/W term in fl(Uis not 
present. By eliminating surface recombination, it ensures 
that the emitter recombination is a greater fraction of the 
total. This is also a good idea if one suspects non-linear 
recombination at the oxidized surface. Fig.7 shows the re- 
sults and the agreement with theory. Since the slope scales 
inversely with sample width, the increase in the recom- 

I 
w = mtpm 
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Fig. 6. _ Typical experimental plot. The reciprocal 
decay time vs. injection level. 
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Fig. 7. - Test of the method. The extraction is car- 
ried out on wafers of different thickness having the same 
emitters. 

bination rate at higher injection levels can be attributed 
unambiguously to emitter recombination. 

With the foundations of the technique established, the 
measurement was performed on a variety of phosphorous 
and boron emitters having sheet resistances and surface 
concentrations varying over more than 2 decades. 

Table 1 shows the results of measurements on phosphorous 
emitters. A complete analysis of the results requires a 
detailed emitter model [13] and is beyond the scope of this 
work. It is nonetheless instructive to note the trends which 
are apparent when the samples are arranged in order of 
increasing sheet resistance. 

Comparing the JOT of the metallized emitter to the JOE 
of the passivated emitter shows how effective passivation 
can be. For the lightly doped emitters, the JOE changes 
by over 2 orders of magnitude. This suggests an emit- 
ter which is relatively transparent to minority carriers and 
an emitter passivation which significantly reduces the re- 
combination velocity. In contrast, the more heavily-doped 
emitters are ins&sitive to the surface treatment: this in- 
dicates an emitter dominated by Auger recombination in 
the heavily doped layer. 

It is noteworthy that the requirements for a low JOE emit- 
ter under a metal layer are very different from the require- 
ments for a low JOE emitter under a paasinting oxide. 

Table 2 shows the similar results for a set of boron dif- 
fusions. In general, boron emitters are not as well char- 
acterized as phosphorous emitters. Again, paesivation has 
an effect on the JOB of an emitter. It is not, however, as 
dramatic as that observed in phosphorous. This suggests 
that the surface recombination velocity is higher for elec- 
trons than holes. 

Phosphorous emitters 
Substrate: N M 1Ol3 cm+ 

Table 1 - Phosphorous emitters. 

Boron emitters 
Substrate: N G lOI cmm3 

Table 2 - Boron emitters. 

SUMMARY 

In conclusion, a straightforward measurement of the emit- 
ter saturation current is described and demonstrated. Since 
no ohmic contact is required,it is suitable for studying pas- 
sivation techniques. It promises to aid in the optimisation 
of solar cell emitter regions and to provide insight into the 
physical mechanisms taking place within the emitter. 
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Data on surface recombination at diffused 
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* indicates that s was measured on 
uniformly doped substrate 

no TCA,  950C. wl FGA 

fit for no TCA,  IOOOC, w/ FGA 

l o 1 *  1019 
Surface Phosphorus Concentration (cm") 

Fig. 4. Surface recombination velocity s extracted from measurements of 
Jo on untextured, oxide-passivated phosphorus diffusions, using a nu- 
merical emitter model. The value of s for the starred points was mea- 
sured using several thicknesses of wafers with uniform phosphorus dop- 
ing. 

It was found that the value of s is dependent on injection 
level in the uniformly doped substrate: s decreases with 
increasing excess carrier concentration. Evidence for this 
phenomenon was also observed for the three emitters with 

< 3 x 10'' ~ m - ~ .  The ( 1 / ~ , # )  - CAn2 versus n 
curves for these emitters were not straight lines as they 
were for all the other emitters in this study. Instead, they 
curve down as n increases, indicating that the recombi- 
nation rate is lower than expected at high values of n. This 
could be explained by an injection-level-dependent value 
of s that decreases as n increases. The Jo values for these 
three samples were taken in the limit of low n,  where the 
( 1 / T ~ ~ )  - CAn2 versus n curves become nearly linear. 
The values of s found for the uniformly doped substrates 
were measured at n = 3.0 x l O I 5  ~ m - ~ .  

To show how small the contribution of bulk recombi- 
nation in the emitter to the total Jo  is in these transparent 
emitters, the value of s extracted in the absence of bulk 
recombination is plotted in Fig. 5. In this case, all recom- 
bination is attributed to surface recombination, so these 
values of s are an upper limit given the bandgap narrow- 
ing and mobility measured by del Alamo, and the mea- 
sured values of Jo. Comparison of the points calculated 
with and without bulk recombination shows that more than 
half of the recombination in the emitter takes place at the 
surface for most of the emitters. 

VI. DISCUSSION 
A .  Emitter Saturation Current Density 

The experimentally determined dependence of s on 
No, from the last section can be combined with the life- 
time, mobility, and bandgap narrowing data in [7] to gen- 
erate a contour plot of Jo  for oxide-passivated phosphorus 
diffusions, as a function of both No, and x i .  This has 
been done in Fig. 6, for diffusions with a Gaussian phos- 
phorus concentration profile. The s versus No, data used 

, ' ' """I  ' ' " " "  

* indicalc\ that s was measured on 
~ 1 uniformly doped rubbrrale 

104 

% .- 
0 

P , , 3  L 
x i  1' 

i o 1 '  l o 1 *  l o i 9  
Surface Phosphorus Concentration (cme3) 

Fig. 5 .  Surface recombination velocity s extracted for both the standard 
case, in which the bulk recombination in the passivated emitter is ac- 
counted for, and the case in which there is no bulk recombination. The 
latter case gives an upper limit for s. 

1 o - ~  1 o - ~  1 o - ~  
Emitter Thickness (cm) 

Fig. 6 .  Contours of constant Jo for oxide-passivated emitters with a Gaus- 
sian phosphorus profile. The dependence of s versus ND,$"+ used is the 
fit shown in Fig. 4, which was experimentally determined for emitters 
with an untextured surface, oxidized at 1000°C with no TCA, and with 
an FGA. The contours are labeled with the corresponding value of Ja,  
in units of lo-" A/cm*. 

was for samples with a 1000°C oxidation, no TCA during 
oxidation, that received an FGA. The value of s was found 
for a given ND,,,,d from the fit shown in Fig. 4. Since this 
contour plot was generated from Jo data such as that shown 
in Fig. 1 ,  it naturally agrees with that data. Because this 
contour plot is based on experimental s values, it should 
be more useful for predicting the Jo of oxide-passivated 
diffusions than emitter modeling based on an assumed 
value of s. In the previous absence of data on s as a func- 
tion of N D , s u r f ,  a common practice was to use a constant 
value of s, e.g., 1000 cm/s ,  to predict the Jo  of passi- 
vated emitters. Fig. 7 is a contour plot of Jo that assumes 
s = 1000 cm/s. A comparison between Figs. 6 and 7 
indicates that the inclusion of the doping dependence of s 
fundamentally changes the trends in Jo. Most notably, for 
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Fig. 1. Reported values of A EiPP for n-type Si from device 
measurements (see text). 

with a hole mobility defined as the proportionality 
factor. 

Equation (2) is the hole continuity equation. It 
states that at any point in space the divergence of 
hole current equals (with a minus sign) the net 
recombination rate of holes. This, to the first order, 
is proportional to the local excess hole concentra- 
tion, with the hole lifetime as a proportionality fac- 
tor. 

A relation between the hole density and (p,, is 
needed to complete the analysis. It is convenient to 
work temporarily in terms of the one electron en- 
ergies, E, and quasi-Fermi levels, Em and E(,,. 
rather than Fermi potential, +,, and (p,,, through the 
definitions Eln = - q$” and Efp = -q$). In general 
then: 

P =/x P,.( E)[l 
-cc 

where p,(E) is the valence 
and f(E) the Fermi factor 

-/(E)ldE (3) 

band density of states 

Surprising agreements among authors are found in 
this way. 

In Section 4 we apply our theoretical findings and 
the reinterpreted experimental minority carrier 
parameters to model the emitter saturation current 
of bipolar transistors. Section 5 summarizes the con- 
clusions of the paper. 

2. THEORY 

The basic one-dimensional, steady-state, minority 
carrier transport equations in isotropic n-type Si at 
constant temperature are [19]: 

-the hole current equation 

-and the hole continuity equation 

dJP_ P-PO 
dx--‘r’ 

where 4 is the hole Fermi potential, p. is the 
equilibrium hole concentration, p is the hole 
concentration, pP the hole mobility, 7P the hole 
lifetime and the rest of the parameters have their 
usual meaning. All the quantities (except q) are 
functions of x, in general. 

Equation (1) is valid as long as a Fermi potential 
for holes can be defined, even in situations with 
position dependent band structure and degeneracy 
levels[l9]. It states that the hole current is propor- 
tional to the local density of holes and the gradient 
of the hole Fermi potential, at any point in space, 

ftE) =clt-_lpt/ci+ f’ (4) 

Unfortunately p,,(E) is not known with certainty in 
heavily doped silicon and, in general, is a function of 
position. In comparison with the lightly doped case, 
p,, could have a tail, different effective mass, be 
shifted upward, etc.[3,4]. As shown below, however, 
an additional simplification is possible under the 
condition of low level injection, 

In low level injection, which generally prevails in 
heavily doped regions, the electron quasi-Fermi level 
remains fixed with respect to the conduction band 
because the electron density is scarcely affected by 
the injection. In the same way, the entire density of 
states structure (conduction and valence bands) re- 
mains unperturbed by the injection and rigidly fol- 
lows the energy shift of E,n with applied voltage. It 
can also be assumed that E/, is far from regions of 
significant valence band density of states, or, in other 
words, E,P is several kT above the valence band, 
including any tail states, so that 

1 --f(E)=. (!.‘~k,,)/h~= ,O:,,, I.,,,)/h$(f I.,,, 1 h 7 

inserting this into (3) gives 

p = e(E ,n t/,x )/A 7 

/ 
m P,,(E)e 

( f. I:,,, ,, h 7. ,_J E 

-03 

(5) 

where u = E - Ej,, 
The integral in the right-hand side of eqn (5) is 

seen to be independent of injection level (in the low 
level injection limit) because p;,(u) and the rest of 
the integrand are independent of the position of E,,, 
and Et,, This integral is precisely p,], the equilibrium 
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TRANSPORT IN HEAVILY DOPED SILICON 
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Abstract-From a fundamental transport formulation it is demonstrated that in heavily doped regions, 
only two independent parameters control the transport and recombination of minority carriers. The 
extraction of the minority carrier lifetime, diffusion coefficient, or bandgap narrowing is therefore 
impossible from DC measurements only. At least one additional AC measurement is necessary. The 
reported experimental data in the literature are critically revisited. When the published data are 
interpreted in terms of the original measurements a comprehensive picture appears, with surprising 
agreement among authors. Modeling of heavily doped regions in devices is shown to be possible, and 
good predictions of the emitter saturation current are demonstrated. 

I. INTRODUaON 

Heavily doped regions are virtually present in every 
semiconductor device of practical interest today. Just 
to mention a few, in amplification and digital devices 
they behave as reservoirs of carriers whose potential 
energy can be controlled by the application of exter- 
nal voltages. In photovoltaic devices they provide the 
electric field required for the separation of photogen- 
erated carriers. In laser diodes heavily doped regions 
constitute the source of carriers that form the lasing 
plasma in the active layer and guide the radiation 
with their modified reflectivity properties. In ad- 
dition to this, with the shrinking lateral dimensions 
required for very large scale integration (VLSI) de- 
vices, a reduction in the vertical dimensions is also 
imperative[l]. The need to provide these thin, low 
resistivity layers and tightly controlled depletion re- 
gions pushes the overall doping throughout the de- 
vice to even higher levels. As a further example, the 
connection of the semiconductor devices to the out- 
side world with minimum ohmic drops can be practi- 
cally realized only with doping concentrations that 
render the semiconductor degenerate at the sur- 
face [2]. 

Because of its practical importance, extensive stud- 
ies on heavily doped Si have been carried out re- 
cently (see, for example, reviews in [3,4]). Bandgap 
narrowing was invoked to explain the small gain[S] 
and the anomalous temperature dependence of the 
gain of bipolar transistors[6], and later, the small 
open circuit voltage of solar cells[7]. Early optically 
determined bandgap shrinkage data [8,9] revealed the 
importance that this phenomenon could have in 
the operation of semiconductor devices. However, 
the need to design higher performance devices re- 
quired a better knowledge of the minority carrier 
transport parameters in heavily doped silicon. 
Slotboom and de Graaff[lO] were among the first to 
fabricate devices designed explicitly to measure the 
influence of high concentrations of impurities in 
device performance. Following their work, a number 

of authors have carried out measurements of what 
has become to be called “device bandgap narrowing,” 
“apparent bandgap narrowing” or, unfortunately 
many times, simply “bandgap narrowing.” 

In parallel to this experimental work, a strong 
influence on doping level was also observed in the 
lifetime, diffusion length and mobility of minority 
carriers. Unfortunately, the complexity of the instru- 
mentation involved, the difficulties involved in 
fabricating the devices and the availability and char- 
acterization of the heavily doped material, required 
many authors to make a number of assumptions. 
The result is a very confusing picture of the magni- 
tude of these parameters, that forces device engineers 
and physicists to choose from a multiplicity of re- 
ported data to find agreement with their experiments 
or calculations. As an example, the disagreements in 
reported bandgap narrowing in n-type Si[ll-181 
(see Fig. 1) lead to discrepancies in the value of the 
equilibrium pn product at room temperature of an 
order of magnitude. Similar disagreements are found 
among reported values of lifetime and minority car- 
rier mobility, as will be shown later. 

In this paper we try to clarify the confusion pres- 
ent in the literature by studying in detail what device 
measurements actually yield. From the transport 
equations we show in Section 2 that DC I-V mea- 
surements of semiconductor devices only have two 
independent parameters. Therefore, the determina- 
tion of a bandgap narrowing from these measure- 
ments is strictly impossible; however, one additional 
time dependent measurement can be used to unam- 
biguously determine the magnitude of the equi- 
librium pn product. 

With these criteria, we critically review all the 
literature of minority carrier transport measurements 
in n-type silicon in Section 3. We undo all the 
assumptions made by the various authors and pre- 
sent their data as originally measured (within our 
error of extraction from graphs, and within the limits 
of the information supplied in the original articles). 

41 

Reported band-gap shrinkage 
as all over the map 

Measuring and modeling minority carrier transport 49 

hole density, as can be seen simply by noting that 
p = p. when E,p = E/,, . Therefore 

p =Poe’“/“-“/P)/~T=POe4(~P~~.)/kT. (6) 

Equation (6) provides the needed connection be- 
tween p and $,. At this point it is seen that the 
independent transport parameters are pa(x), TV 
and P,(X). 

An additional simplification results by noting that 
highly doped regions are quasi-neutral[20]. This 
eliminates the need to solve Poisson’s equation and 
implies that the local electron and hole density are 
unique functions of the local resistivity. Symboli- 
cally: 

no(x) =f,[fJ(x)l 

PO(X) =h[P(x)I. 
Defining a normalized hole density, u: 

a=P_1=e4’*p+%)/kr_1 
PO 

(74 
(7b) 

(8) 

and an “effective doping density,” Nncrr [S]: 

PoN,,,, = nfo (9) 

allows the transport equations to be written[21]: 

(10) 

(11) 

The hole diffusion coefficient, Dp, and local diffusion 
length, L,,, have been defined as follows: 

Dp =$pp 

LP = @E (13) 

Because of eqns (7a) and (7b), the coefficients in 
this pair of coupled differential equations are known 
functions of position. Thus, when the boundary con- 
ditions at the surfaces of the n+ region are specified, 
eqns (10) and (11) uniquely determine Jp. These 
boundary conditions can be written in terms of the 
terminal voltage across an injecting pn junction, V. 
Under low level injection and neglecting ohmic drops 

where x = 0 refers to the edge of the depletion region We have already shown, in Fig. 1, the collection of 
on the n+ side of an n+p junction. At the other side reported experimental data on AEir’P. We insist in 
of the n+ region one usually has either a reverse denoting this parameter as “apparent bandgap nar- 
biased collecting junction or a metallic contact with rowing” because of the way it is extracted through 

high recombination velocity, implying that u = 0 at 
that point. An intermediate value of surface recombi- 
nation velocity introduces an additional unknown 
parameter. 

In device measurements, the measurable parame- 
ters are the hole current density, Jp, terminal volt- 
age, V, and the resistivity of the heavily doped 
regions, p(x). Thus if the doping dependence of 
D,,/N,,,, and Lp are known, eqns (10) and (11) 
completely model the situation. 

As seen from (9), the “effective doping” is simply 
that electron density which would give the correct p. 
if the equilibrium pn product were constant. It dif- 
fers from the actual doping through deionization, 
conduction band degeneracy (Fermi-Dirac 
statistics), and the previously mentioned changes in 
the density of states[3,4]. Sometimes, an effective 
intrinsic concentration, nre, is defined through: 

N D nf, = nfo--- = 
N PO% 
D eff 

(14) 

or an 
through: 

“apparent bandgap shrinkage,” A E;PP, 

AE”PP,kTlnN,=kTlnrti, 
g 

4 NDeff 4 nfo . 
(15) 

Equations (9), (14) and (15) are simply alternative 
ways of disguising the relevant transport parameter, 
PO. 

The interesting feature of formulating the problem 
in this way is that (10) and (11) reveal that there are 
actually only two independent parameters N,,,,/D, 
and Lp, rather than the previously mentioned three. 
The implications of this simple observation is that 
DC measurements of semiconductor devices can 
yield, at most, these two parameters, and no more. 
No possibility exists of extracting the hole diffusion 
coefficient Dp, the hole lifetime rp, or the “apparent” 
bandgap narrowing AEiPP. One further AC trans- 
port measurement could determine, for example, TV 
and therefore yield Dp, providing the possibility of 
extracting A EiPp. Except for a few points of Mertens 
et ~I.[141 and the temperature variation experiment 
of [17], all the authors in the literature that report 
bandgap narrowing have made, at one point or 
another, assumptions about the value of the hole 
diffusion coefficient. In the same way, most of the 
device data that reports T,, actually measures Lp and 
requires the same assumption. 

In the next section we review and reinterpret the 
minority carrier data reported in the literature. 

3. CRlTlCAL READING OF THE EXPERIMENTAL 
LITERATURE 
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that point. An intermediate value of surface recombi- 
nation velocity introduces an additional unknown 
parameter. 

In device measurements, the measurable parame- 
ters are the hole current density, Jp, terminal volt- 
age, V, and the resistivity of the heavily doped 
regions, p(x). Thus if the doping dependence of 
D,,/N,,,, and Lp are known, eqns (10) and (11) 
completely model the situation. 

As seen from (9), the “effective doping” is simply 
that electron density which would give the correct p. 
if the equilibrium pn product were constant. It dif- 
fers from the actual doping through deionization, 
conduction band degeneracy (Fermi-Dirac 
statistics), and the previously mentioned changes in 
the density of states[3,4]. Sometimes, an effective 
intrinsic concentration, nre, is defined through: 
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N PO% 
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through: 

“apparent bandgap shrinkage,” A E;PP, 
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Equations (9), (14) and (15) are simply alternative 
ways of disguising the relevant transport parameter, 
PO. 

The interesting feature of formulating the problem 
in this way is that (10) and (11) reveal that there are 
actually only two independent parameters N,,,,/D, 
and Lp, rather than the previously mentioned three. 
The implications of this simple observation is that 
DC measurements of semiconductor devices can 
yield, at most, these two parameters, and no more. 
No possibility exists of extracting the hole diffusion 
coefficient Dp, the hole lifetime rp, or the “apparent” 
bandgap narrowing AEiPP. One further AC trans- 
port measurement could determine, for example, TV 
and therefore yield Dp, providing the possibility of 
extracting A EiPp. Except for a few points of Mertens 
et ~I.[141 and the temperature variation experiment 
of [17], all the authors in the literature that report 
bandgap narrowing have made, at one point or 
another, assumptions about the value of the hole 
diffusion coefficient. In the same way, most of the 
device data that reports T,, actually measures Lp and 
requires the same assumption. 

In the next section we review and reinterpret the 
minority carrier data reported in the literature. 
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calculated N,,,,/D,. Regarding the work of 
Neugroschel et al.[17], we have extrapolated their 
measurements of J,( 7’) to 3OOK, and assuming full 
transparency of the emitters ( LP z+ WE), we have 
deduced N,c,,/D,j. No data over 10” cmm3 are 
considered because the transparency assumption is 
very likely to fail (see Fig. 4). Some of our own 
provisional data are also collected in Fig. 5. 

Noting that the vertical scale in Fig. 5 is linear, the 
agreement among several authors on their measure- 
ments of N,.,,/D, is extraordinary. For comparison, 
in Fig. 5 we show the width of N,JD, that could 

give a difference of A EiPP of 10 meV. The conclu- 
sion is obvious: all the reported data, when ade- 
quately interpreted, is consistent with each other 
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fact when compared with the reported data of Fig. 1, 
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best estimate of pP represented by the dashed line of 
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hole density, as can be seen simply by noting that 
p = p. when E,p = E/,, . Therefore 

p =Poe’“/“-“/P)/~T=POe4(~P~~.)/kT. (6) 

Equation (6) provides the needed connection be- 
tween p and $,. At this point it is seen that the 
independent transport parameters are pa(x), TV 
and P,(X). 

An additional simplification results by noting that 
highly doped regions are quasi-neutral[20]. This 
eliminates the need to solve Poisson’s equation and 
implies that the local electron and hole density are 
unique functions of the local resistivity. Symboli- 
cally: 

no(x) =f,[fJ(x)l 

PO(X) =h[P(x)I. 
Defining a normalized hole density, u: 

a=P_1=e4’*p+%)/kr_1 
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and an “effective doping density,” Nncrr [S]: 

PoN,,,, = nfo (9) 

allows the transport equations to be written[21]: 
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(11) 

The hole diffusion coefficient, Dp, and local diffusion 
length, L,,, have been defined as follows: 

Dp =$pp 

LP = @E (13) 

Because of eqns (7a) and (7b), the coefficients in 
this pair of coupled differential equations are known 
functions of position. Thus, when the boundary con- 
ditions at the surfaces of the n+ region are specified, 
eqns (10) and (11) uniquely determine Jp. These 
boundary conditions can be written in terms of the 
terminal voltage across an injecting pn junction, V. 
Under low level injection and neglecting ohmic drops 
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high recombination velocity, implying that u = 0 at 
that point. An intermediate value of surface recombi- 
nation velocity introduces an additional unknown 
parameter. 

In device measurements, the measurable parame- 
ters are the hole current density, Jp, terminal volt- 
age, V, and the resistivity of the heavily doped 
regions, p(x). Thus if the doping dependence of 
D,,/N,,,, and Lp are known, eqns (10) and (11) 
completely model the situation. 

As seen from (9), the “effective doping” is simply 
that electron density which would give the correct p. 
if the equilibrium pn product were constant. It dif- 
fers from the actual doping through deionization, 
conduction band degeneracy (Fermi-Dirac 
statistics), and the previously mentioned changes in 
the density of states[3,4]. Sometimes, an effective 
intrinsic concentration, nre, is defined through: 

N D nf, = nfo--- = 
N PO% 
D eff 

(14) 

or an 
through: 

“apparent bandgap shrinkage,” A E;PP, 

AE”PP,kTlnN,=kTlnrti, 
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4 NDeff 4 nfo . 
(15) 

Equations (9), (14) and (15) are simply alternative 
ways of disguising the relevant transport parameter, 
PO. 

The interesting feature of formulating the problem 
in this way is that (10) and (11) reveal that there are 
actually only two independent parameters N,,,,/D, 
and Lp, rather than the previously mentioned three. 
The implications of this simple observation is that 
DC measurements of semiconductor devices can 
yield, at most, these two parameters, and no more. 
No possibility exists of extracting the hole diffusion 
coefficient Dp, the hole lifetime rp, or the “apparent” 
bandgap narrowing AEiPP. One further AC trans- 
port measurement could determine, for example, TV 
and therefore yield Dp, providing the possibility of 
extracting A EiPp. Except for a few points of Mertens 
et ~I.[141 and the temperature variation experiment 
of [17], all the authors in the literature that report 
bandgap narrowing have made, at one point or 
another, assumptions about the value of the hole 
diffusion coefficient. In the same way, most of the 
device data that reports T,, actually measures Lp and 
requires the same assumption. 

In the next section we review and reinterpret the 
minority carrier data reported in the literature. 
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Fig. 1. A cross section of a point-contact solar  cell  showing  the  three re- 
gions  considered in the modeling. 

in the  devices  considered  here  at  the maximum power 
point. 

If there  is no recombination or generation  in  the  bulk, 
then  the  carrier density is described by Laplace's equa- 
tion,  and  the boundary rl between the one- and three-di- 
mensional regions can  be optimized to find the best so- 
lution using variational techniques [3], [ 4 ] .  The 
assumption of no recombination in  the  bulk is a very good 
approximation for  the  cell  operation at the maximum 
power point. From  the modeling of the best experimental 
cell to  date ( a  120-pm-thick cell),  the quantum efficiency 
in  the lowly doped regions of the cell is  greater than 95 
percent at  all values of the  incident  power density 
(AM1.5)  in  the range of 0.1 to 36  W/cm2.  A  thinner  cell, 
50 pm, has a  base  quantum efficiency greater than 97.6 
percent for  power  densities  as high as  56  W/cm2.  These 
figures exclude  the  surface  and  emitter recombination that 
are incorporated into  the  analysis  as boundary conditions. 

The modeling considers  one unit cell as shown  in  Fig. 
2, which is repeated symmetrically  over  the  entire back 
surface of the  solar  cell, Using the notation defined by 
Figs. 1 ,  2  and  Table I, a key result from  the variational 
analysis is that the boundary between  the  one- and three- 
dimensional regions rl is given by 

This radius increases linearly as the spacing between 
contacts increases.  The radius rl assumes  a hemispherical 
geometry. To make the maximum use of the symmetry of 
the  problem,  the diffusions are  also described as having a 
hemispherical radius r,, for  the n+ diffusion, which re- 
sults in  the  same  area  as  the  actual  square diffusion area 
(after outdiffusion) on  the  fabricated  devices.  The  three- 
dimensional drop  in  carrier density from rl to this hemi- 
spherical  space  charge region edge Ton is  given by 

into the n-type contact  and 

P 

P +   P +  r 
Fig. 2. A unit cell  which  defines  the geometq of the  diffusions  on  the 

backside of the wafer. 

for  the p-type contact. P is the  pitch, or spacing between 
identical contacts.  These results are derived in [3] and 
[4 ] .  Although the  carrier density was previously described 
by an analytical approximation to the  carrier density in 
the one-dimensional region, a numerical solution was used 
in this paper in order  to  incorporate  the effects of bulk 
generation and recombination. This solution was con- 
structed by implementing a  stepwise integration of the  dif- 
fusion equation and  the continuity equation for  the steady 
state. 

and 

-- d J n ( x )  - ( G ( x )  - R ( n ) )  
dx 

In  this one-dimensional region the total cument is zero, 
so J,  is the flux of electrons or holes from the  front toward 
the  back of the  cell. DA is the  ambipolar  diffusion coeffi- 
cient,  and G and R represent the generation and recom- 
bination per unit volume. By constructing a numerical so- 
lution,  the effects of the recombination are incorporated 
into  the profile and the consequences of a carrier-density- 
dependent diffusion coefficient and a position-dependent 
photogeneration profile can then be  evaluated. Although 
the modeling of solar  cells  near  the maximum power point 
is relatively insensitive to  the effects of recombination in 
the base on  the profile, the removal of this assumption is 
critical for modeling the open-circuit voltage as discussed 
in [8]. 

The value for rl ,  shown in ( l ) ,  resulting from the ana- 
lytical solution in [4] was used in this case  as  a reasonable 
approximation. In  order to neglect generation and recom- 
bination in  the  bulk,  the previous modeling assumed a 
worst case approximation of a  delta function of generation 
at  the sunward surface of the  cell. As a numerical solution 
is constructed in  the present work, a more general pho- 
togeneration profile can  be  incorporated.  The generation 
profile chosen consists of both a delta function of gener- 
ation and a uniform generation (in the one-dimensional 
region of the  cell) with the ratio of the two chosen to give 
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Design Criteria  for Si oint-Contact  Concentrator 
Solar Cells 

Abstract-Design criteria  for  concentrator  solar  cells  are preserlted 
for  the highly three-dimensional case of  backside point-contact solar 
cells. A recent new experimental  result,  a  28-percent efficient cell 
(25"C, 15-W/cmZ incident power)  is  used  as  a  case  study of the depen- 
dences of the  recombination  components and the carrier density g.ra- 
dients on the geometrical design parameters.  The  optimum  geomctry 
is found to depend  upon the intended design power density as wel. as 
the attainable physical parameters  allowed by the  fabrication tech- 
niques  utilized.  Modeling projections indicate that an ultimate r f f i -  
ciency of 30.6 percent (36 W/cmZ, 300 K )  is achievable using the 
diffused emitters presently employed  on these cells.  Incorporation of 
results from the study of polycrystalline emitters could improve these 
efficiencies toward 31.7 percent. 

I. INTRODUCTION 

S EVERAL recent studies of silicon concentrator solar 
cells have predicted that efficiencies up to 37 percent 

are possible in highly idealized cells [1]-[4].  Gray and 
Schwartz  considered the efficiencies of a particular cell 
design, an interdigitated back contact cell with line dif- 
fusions, using a two-dimensional analysis [l]. Campbell 
and  Green  looked primarily at the fundamental recornlbi- 
nation limit imposed by the Auger  recombination in sili- 
con in the highly idealized case in which other recornbi- 
nation components,  the effects of diffusion gradients,  and 
the resulting electric field losses present in any specific 
implementations  were neglected [2]. The effects  of an op- 
timization of the acceptance  angle  for the light absorption 
in the cell to  enhance  the  limits of photogeneration  were 
also considered. Swanson  developed a three-dimensions 1 
model  when the point-contact design was  proposed for us 2 
as a concentrator cell [3], 141. This  model was  based o 1 
the experience gained in a program in which a 29-percent 
efficient thermophotovoltaic  cell was demonstrated that 
utilized the point contact approach to reduce parasitic in- 
frared absorption [SI, 161. The  model predicted an ideal - 
ized thermodynamic  limit of 37.8 percent for silicon con - 
centrator solar cells under  an incident intensity of 36 
W/cm2 at 330 K. When the point-contact design  was cow 
sidered, including incomplete absorption, Auger recorn., 
bination and transport losses (diffusion gradients), the up- 

per limit to the efficiency for silicon cells was 32.3 percent 
at  330 K under  an incident power density of 36  W/cm2. 

This  paper closely follows the modeling of Swanson. 
Experimental results from  solar cells are analyzed  as  case 
studies. The various ways in which  the  performance de- 
pends  upon  the cell geometry  are displayed. Data  from 
nonoptimal  geometries  are  also presented in order to in- 
vestigate the accuracy  and  limits of the  model.  This study 
utilizes measured values for all of the parameters  such  as 
surface recombination velocity, bulk  lifetime,  and emitter 
saturation currents, as well as recent evaluations of the 
Auger  recombination in the  carrier density range of inter- 
est  here [7], [8]. 

11. THE MODEL 
The cells under consideration are fabricated on high- 

resistivity silicon, typically 100-400-Q - cm n-type float 
zone material. Under illuminated conditions, the entire 
cell is highly injected except for  the heavily doped emitter 
regions. The  model considers only the lowly  doped  re- 
gions, and takes the emitter recombinations  as a boundary 
condition fully characterized by the experimental emitter 
saturation current Joe, the  carrier density at the edge of 
the  space  charge  region,  and  the area of the diffusion. 

The  model  assumes a solution for the carrier density in 
the undoped region as  shown in  Fig. 1 .  In region 1, the 
solution is assumed to be  one-dimensional; in region 2, 
the carrier density is  assumed constant, and a three-di- 
mensional solution is used in the collection regions, la- 
belled region 3.  The  approximation of a. uniform  carrier 
density in region 2 allows the  simple tractability of this 
modeling approach. Perpendicular to the  back surface in 
region 2, the gradient in carrier density falls rapidly to- 
ward zero, its value at a well passivated surface. An upper 
limit to the effects  of the neglect of these gradients could 
be  determined by simulating a cell that is thicker by  half 
of the  depth of this region, thus taking this gradient ex- 
plicitly into account. For a typical cell to be discussed in 
Section 111, a 120-pm-thick cell operating under  36 
W/cmz of incident power  density, this causes a 0.3-per- 
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Fig. 5 .  The  modeled  carrier  density  profile n as  a  function of position from 
front  to back  in the  solar  cell along a  line into a p+ contact. Curves  are 
shown  for  cells with 8-pmz  diffusions (dashed curve) and 20 pm  diffu- 
sions (solid curve), both  on a  50-pm  pitch. 10 Wjcm’, 300 K. 

conditions for  cells with the  emitter spacing and cell 
thickness discussed above and at  an operating incident 
power density of 10 W/cm2.  For  a fixed pitch of 50 pm, 
these operating conditions are displayed for square diffu- 
sion sizes  of  8 and 20 pm.  The  carrier density is highest 
at  the  front of the  cell where most of the photogenerationl 
occurs. The carriers  then diffuse down a  gradient in c a r  
rier density to  the  back of the  cell where they are collected 
at  the  contacts.  The profiles shown here are from a cross 
section that passes into  a p+ diffusion. 

By reducing the  emitter recombination by decreasing 
the  emitter  area,  higher  average  carrier densities result. 
The  steep gradients near the contacts when current is 
drawn from the cell result from the increased current den- 
sity. At the  contact,  the current density will approach the 
total photogenerated current divided by the  back surfacle 
coverage fraction  for each emitter  type.  From (2) and (3), 
the  drop in carrier density is inversely proportional to the 
diffusion size. It is  greater  for  the  smaller coverage frac- 
tion and partially negates the gains in carrier density due 
to  the  decreased  emitter recombination. These  steep gra- 
dients also result in non-negligible electric fields that de- 
crease  the terminal voltage.  This effect on  the voltage i s ,  
seen in (8) where the ratio of the three-dimensional carrier 
density drop  to  the  absolute  carrier density enters into tht: 
expression for  the terminal voltage. Because the averagc 
carrier density in the  cell increases as  the  emitter coverage 
fraction decreases,  the recombination due to surface,  bulk 
Shockley-Read-Hall, and Auger recombination in- 
creases.  In  summary,  a  decreased  emitter recombination 
obtained by reducing the  emitter  coverage fraction is op- 
posed by the increased recombination from the other 
mechanisms due to the three-dimensional carrier  densit1 
drop as well as by electric fields that result from small 
emitter coverage  fractions. 

Another way to look at this same effect is to plot the 
voltage and current at the maximum power points as  a 
function of this emitter  size  at  a fixed emitter  spacing. 
This modeling result is shown in  Fig. 6. Using a  large 
emitter coverage  fraction as a  reference, 24 X 24 pm 
square emitters on a  50-pm  pitch,  the normalized maxi- 
mum power point voltage, current, and efficiency are 
plotted for varying diffusion sizes at an illumination in- 
tensity of 10 W/cm2.  The  current,  a measure of the quan- 
tum efficiency, is reduced monotonically as the diffusion 
size  is reduced. The voltage is  increased at first as the 
emitter recombination is reduced but eventually begins to 
decrease as  the combined effects of the  carrier  loss  due  to 
other recombination mechanisms and the  voltage’drop  due 
to the very high current densities near the contacts set in. 
The normalized efficiency indicates that  an optimum cov- 
erage  fraction exists at this spacing and incident power. 
This optimum is  for diffusions between 10 and 15 pm on 
a  side. 

The  same effect of reduced quantum efficiencies and in- 
creased voltage drops can account for  the efficiencies ver- 
sus incident intensities shown for  several different geom- 
etries in  Fig. 3 .  Each modeling curve has two  branches, 
the  lower of the  two contains a  correction  for  the lumped 
series resistance calculated for  the metallization used on 
each particular  cell.  The data points near the  top curve are 
from the best cell to date  as discussed above with 16 by 
16  pm diffusions on a  50-pm  pitch.  The  two  lower sets of 
data are  for  a cell with 13 by 13  pm diffusions on  a 50- 
pm pitch (center) and 10 by 10 pm  on  a  100-pm pitch 
(lower data).  The cells did not have texturized front sur- 
faces and therefore have much lower efficiencies due to 
the decreased photogeneration. Both cells  were  86 pm 
thick, differ only in this emitter  coverage  fraction, and 
were processed side by side with consistent results on cells 
from two wafers of each geometry. By measuring the 
short-circuit current per incident watt at low incident 
power as  the photogeneration (assuming unity quantum 
efficiency), the efficiencies can be modeled with the pa- 
rameters from Table 11. The short-circuit currents are 0.42 
A per incident watt for  the texturized cell and 0.35 A per 
incident watt for  the  other  two cells. The cell with the 
smallest coverage fraction falls off in efficiency  most rap- 
idly at  the highest incident intensities. This is due to the 
very large  carrier density drops  into  the contacts that re- 
sult in low terminal voltages and very high average carrier 
densities. As discussed above,  these high densities in- 
crease  the Auger recombination so that  the quantum effi- 
ciencies of these cells are very poor compared to the  cells 
with the  larger  coverage  fractions. In contrast to the cur- 
rent,  the  open-circuit voltages are always better in the cell 
with the  smaller coverage fraction because the three-di- 
mensional gradients play a very small role when no cur- 
rent being drawn from the terminals [SI. 

Notice that,  in  the modeling for  Fig. 3, no free param- 
eters were adjusted to obtain  a good “fit” at the maxi- 
mum power point. Rather, the recombination parameters 
were those from Table 11, obtained through independent 
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Fig. 6.  The modeled  normalized  maximum  power  point  voltage,  current, 
and  efficiency as a  function  of  the  square  diffusion  size for a 50-pm  pitch. 
This  is  for a  120-pm-thick cell  at 10 W/cm2, 300 K. 

measurements. The  discrepancies at very high incident 
power densities could  be  due in part to  an  inadequate  de- 
scription of the metallization series resistance or a non- 
negligible contact  resistance. Typical values for  the  spe- 
cific contact resistivities are 1-3 Cl * cm2  for  the n- and p- 
type contacts, each of which has an  area of 5 by 5 pm. 

IV. FUTURE  ADVANCES 
Several improvements can be projected that will result 

in higher efficiencies than those demonstrated at this time. 
Fig. 4 indicates that, at incident power densities above  20 
W/cm2,  the Auger and  emitter recombination are  the 
dominant parasitic losses.  The  emitter recombination can- 
not be reduced much further  due to the detrimental effects 
of the high gradients near the terminals that result from 
this approach.  However,  the effect of the Auger recom- 
bination can be  reduced.  The  loss of quantum efficiency 
in thick cells  due to this recombination is well docu- 
mented [ 131. Since  the  Auger coefficient is  a volume-de- 
pendent recombination, efficiencies will improve as the 
cell becomes thinner  up until a point where photogener- 
ation is lost  due to the weak absorption of silicon for light 
that is near the  bandgap  in  energy.  This trade-off has pre- 
viously been considered  for  the  case  that neglected the 
diffusion gradients and  non-Auger recombination [2]. For 
an  acceptance  angle of 30°, typical for Fresnel concen- 
trator  systems,  the maximum photogeneration is 0.432 A 
per watt of incident power for  an  AM1.5 spectrum in  a 
50-pm-thick  wafer, which was found to be  the optimum 
thickness. Recent experiments [ 7 ] ,  [SI indicate that the 
Auger coefficient. !or carrier  densities  less  than 2 x 1017 
cmP3 is four  times  higher than what had been assumed in 
[2]. This revised coefficient would drive this optimum 
thickness toward even  thinner  cells, but these would be 
difficult to fabricate with the  existing  process. 

For  the  case of this  cell  thickness and responsivity , an 
optimum point contact geometry can be found.  Figs. 7 
and 8 are  contour  plots of the efficiency resulting from 
different diffusion spacings and sizes  for  the  baseline  pro- 
cess and physical parameters from Table 11. At 10 W/cm2 
(300 K) ,  the projected efficiency is about 30.0 percent as 
shown in Fig. 7. Although higher efficiencies than this 
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Fig. 7. Modeled  contours  of  constant efficiency as a  function  of  diffusion 

spacing  (pitch)  and  square size.  The  cell  is 50 pm  thick and the incident 
intensity is 10 W/cm2, 300 K. 
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Fig. 8 .  Contours  of  constant efficiency at 36 W/cmZ. 

could be attained for very small diffusion sizes,  the  em- 
itters currently fabricated require deep diffusions in order 
to obtain the lowest possible emitter saturation currents 
given the infinite surface recombination at the silicon-alu- 
minum interface. These diffusions are about 4 pm deep in 
the current process [8], [ 131, limiting accessible dimen- 
sions to more than 10  pm including the outdiffusion. The 
contours show a fairly sharp optimum with respect to  dif- 
fusion size for  a given spacing, with the optimum diffu- 
sion size giving a cell efficiency about 2 percent better 
(absolute) than the  limit  as  the diffusions approach full 
coverage of the  backside. 

At 36 W/cm2, attainable efficiencies are between 30.5 
and 3 1 percent.  The optimum with respect to  the diffusion 
size becomes much less  sharp  at high incident intensities 
because the three-dimensional effects that oppose  the use 
of small coverage fractions become more extreme at high 
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The Missing 19 mV found! 
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Silicon Limit Efficiency 

Practical Limit 

Efficiency Loss Waterfall 
SunPower Gen3 

23.6% 
Production Average 



© 2012 SunPower 
Corporation 


