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The  Physics and IModeling of Heavily 
Doped  Emitters 

JESUS A. DEL ALAMO, STUDENT I\, EMBER,  IEEE, AND RICHARD M. SWANSON 

Akfmcf-The physics of minority-carrier injection  and internal q mn- 
turn efficiency of heavily  doped  emitters is studied  through a 11 3vei 
computer  simulation. It is shown  that in the shallow emittersofmotI~;:rn 
devices,  the transport of carriers  through the bulk of the  emitter, alnd 
the surface recombination rate are the  dominant  mechanismscontro  ling 
the  minority-carrier  profile. Carrier recombination in the  bulk 01' lthe 
emitter only produces a small perturbation of this  profile.  This ollbier- 
vation  permits us to  develop  a  simple and accurate  analytical mode: for 
the  saturation current  and  internal  quantum efficiency of sha ]OW 

emitters. 

T 
I. INTRODUCTION 

HE PHYSICS of heavily doped  emitters has been a  topic 
of intense research since the  fabrication of diffused e nit- 

ters  for bipolar  transistors [ I ] .  Its  importance  today is not 
only restricted to  modern polysilicon [2] or SIPOS [3] ,  141 
emitter bipolar transistors,  but  it is crucial to  the  understan ling 
of the open-circuit voltage of solar cells [SI, and  the disap1:'c:ar- 
ance of latchup in CMOS devices at very low temperature 1 t i ]  . 

Considerable work has  been  carried out  throughout  the years 
on  the physics and modeling of the  minority-carrier  injection 
into heavily doped  emitters.  The  complexity introduce11 by 
the varying impurity profile has been treated  by various II' cth- 
ods  that lead to  complicated analytical solutions in tern s of 
Bessel functions [7],  [8], Taylor series expansions [9:1 or 
Hermite polynomials [ lo] , among others.  The inclusio 7 of 
the bandgap  narrowing that  occurs in heavily doped silkon 
[ 1 1 1  and  minority-carrier lifetimes that  depend  on  the oca1 
doping level [ 121 , [ 131 further complicates the modelir j; of 
practical  emitters.  Analytical solutions for transparent  emitters 
[14] and  more realistic emitters [SI, [8],  [15]-[17] a?!: in 
the  literature. In some cases the validity of these solutic ns  is 
dependent  on  the physical  parameters  chosen to  illustrat : the 
model. In  others  the  approximations  do  not have a clear 1 hys- 
ical interpretation,  but are based on  mathematical  manj  wla- 
tions  that simplify the  solutions. 

Exact  computer simulations that solve the semicondlIN8:tor 
equations  for bipolar transistors  or solar cells have also heen 
used to study  the complex behavior of minority carriers in 
heavily doped  emitters [ 181 --[25]. These modelsare ingerleral 
expensive to use, and  their generality  obscures the pel: uliar 
effects occuring inside the  emitter.  Other more  simp jfied 
models  that  only solve in an  exact  manner  the behavior c 1' the 
minority carriers in  the quasi-neutral portions of the  enlitter 
have been presented [26],  [27]. They can  provide  consider- 
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able physical insight into  the relevant physics of the  emitter if 
the results are carefully interpreted. This is the  approach  taken 
in this  paper. 

Another relevant  aspect of heavily doped  emitters  for solar 
cells and  photodiodes is the  internal  quantum efficiency. The 
short-circuit  current  of solar cells [28] and the responsivity of 
photodiodes [29] specially in the UV region is controlled by 
the  transport  and  recombination of photogenerated carriers in 
the  front  emitter. This important  phenomena has received 
very little  study  in  comparison  with  the dark  characteristics of 
the  emitter.  Exact simulations that solve the solar cell equa- 
tions include  this  calculation [21],  [24], although detailed 
study of the  internal  quantum efficiency  has not been  presented. 
Solutions  of  the minority-carrier transport  equations in the 
quasi-neutral portion of the  emitter have been  published [30] - 
[34], more  with  the aim of characterizing the  emitter  than  for 
obtaining  the  internal  quantum efficiency. Some highly com- 
plex  analytical solutions [35], and other oversimplified ana- 
lytical approximations [SI, [36] are available. None of  them 
are easily used to calculate the  internal  quantum efficiency of 
modern solar cells and photodiodes. 

In this  paper we study  the physics of heavily doped  emitters 
through  a novel computer simulation that solves the  minority- 
carrier transport  equation in the quasi-neutral region of  the 
emitter.  The  model, presented  in Section 111, contains signif- 
icant improvements over previous models [26],  [27],  [30] - 
1341. By making use of  the  super-position principle  fast solu- 
tions are obtained  for  the  emitter  saturation  current  and  the 
emitter  internal  quantum efficiency. A critical  selection of 
physical parameters  for  the  illustration of the  model is carried 
out in Section 11. 

In  Section IV the  computer  model is applied to several typ- 
ical emitters. From  the  identification of the relative impor- 
tance of transport, surface recombination, and  bulk recombina- 
tion of minority  carriers, analytical  models for  the  emitter 
saturation  current and emitter  internal  quantum efficiency 
emerge. For  the  emitters in use in modern devices it is found 
that  the  recombination inside the  emitter represents only  a 
small perturbation  of  the minority-carrier  profile of the "trans- 
parent" emitter, in  which negligible bulk recombination is 
present.  This  observation leads to  the development of very 
simple analytical  models for  the  saturation  current  and  internal 
quantum efficiency, that are also presented in  Section IV. By 
comparison  with  the  computer modeling the range of validity 
of the analytical models is found  to  contain  most  of  the  inter- 
esting emitters  of  modern bipolar  transistors, solar cells, photo- 
diodes, and CMOS devices. 
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11. SELECTION OF PHYSICAL PARAMETERS 
In  this  section we discuss the values of physical parameters 

selected to illustrate our  emitter modeling.  Since n-type 
heavily doped silicon has  been  considerably more characterized 
than  p-type silicon because of its importance  for bipolar tran- 
sistors, we will limit the discussion and application of  our 
model  to  n-type  material. 

After  the  Slotboom  and de Graaff measurements  of bandgap 
narrowing  in p-type Si [37],  most of the early work  in  n-type 
Si was unfortunately carried out in regions with variable 
impurity profiles [38] - [41] where  the  interpretation  of  the 
results is very  complex.  More  recent experiments used As- 
grown material  where  the doping level can be considered 
uniform  [42],  [43].  In  the  work  by  Mertens et al. the highly 
As-doped substrates had impurity  inhomogeneity  problems, 
yielding erroneous results of bandgap narrowing [44],  [45]. 
Only the  three  data  points of Sb-doped Si are therefore selected 
here,  together  with all the  data  of Wieder [42] in  As-doped Si. 

Neugroschel et al. have recently measured AEg from  the 
temperature  dependence  of  the  dc  emitter  current  of As-im- 
planted  emitters [46]. We have critically  examined the as- 
sumptions  that  they use in their  extraction of AE, and we have 
concluded  that  their results are overestimated [47]. 

Except  for  two  points  of Mertens et al., all the  other  data 
require  the knowledge of  the  minority-carrier diffusion  coeffi- 
cient. Once the diffusion length is determined, or in the case 
of Neugroschel et al., the  emitter thickness, the  unknown 
quantity  for  the  three collections of  experiments is 

where the  symbols have their usual  meaning. AE, is a phe- 
nomenological  bandgap  narrowing, or as  we have denoted 
somewhere else, an “apparent”  or “device”  bandgap  narrowing 
[48] . It takes  into  account all the  effects  that  makes n;. dif- 
ferent  than niz,: band tailing due to  potential  fluctuations 
[49], rigid shrinkage of the  bandgap  due  to  many  body  effects 
[50], and degeneracy effects  due  to  the necessity of using 
Fermi-Dirac statistics  rather  than Maxwell-Boltzmann  statis- 
tics [51],  

In  (l),  the  minority-carrier diffusion  coefficient must be 
known in order  to  extract AE,. In  the course of  this  work, 
however, we realized that  the relevant parameter affecting hole 
transport in the bulk of shallow emitters is not AE,, ni2,, or 
N D e f f ,  but D, exp (AEg/kT), ni”, D,, O r  ND,ff/D,, depending 
on  the desired representation.  Fortunately,  the knowledge of 
D, is not necessary for  the  estimation of NDeff /Dp,  which 
comes  directly  out  of (1). In  other  words,  for  the  type  of 
emitters  that we study  here  we  do  not need to  make  any as- 
sumptions  about D,, but  just go back to  the  experimental 
literature  and  take ND,ff/D,. We have indeed  done so, and in 
Fig. 1 we plot NDeff /D,  from  [42],  [43],  [47]. 

For  computational convenience we now chose a given func- 
tion  of D, from  the  majority-carrier  literature  [52],  and  find  a 
power function  for AE,, so that  the resulting NDeff/D, gives 
the best fit  to  the results of Fig. 1. This best fit is shown  in 
the  same figure and  the resulting AE, algebraic expression is 
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Fig. 1. Plot of experimental values of NDeff/Dp, and  curve  fit used in 
this  work (see text). 

A E g ( N ~ )  = 2.46 X N&234 eV (2) 

with ND in ~ m - ~ .  
The mechanisms  affecting the  lifetime of minority carriers  in 

heavily doped silicon is a subject of extensive  investigation at 
the present. To  illustrate  our modeling we adopt here a 
pragmatic approach: we will assume the existence of two inde- 
pendent mechanisms controlling  the  hole lifetime. One of them 
is linearly dependent  on  the doping level, and the  other is 
quadratically  dependent  on  the doping level. The observed 
sensitivity of solar cell and transistor emitters to  the  conditions 
of  the surface [53],  [54]  indicates  that bulk recombination is 
not  the  dominant effect  in  these emitters. Our computer 
simulations  and  those  of  other  authors  [24] indicate that an 
Auger coefficient of the  order measured by Dziewior and 
Schmid [55] does  not  support  this  experimental  fact.  There- 
fore,  a smaller Auger coefficient  [24], [56] has  been chosen 
here. Our lifetime  model is 

This lifetime model, like the  other models presented previ- 
ously in this section,  only  pretend  to illustrate our  emitter 
work.  Further research is needed to gain a be-tter  knowledge 
of  the minority-carrier parameters in heavily doped silicon. 

111. EMITTER MODEL 
The basic one-dimensional steady-state  semiconductor equa- 
tions  that describe the behavior of holes in a low-level injec- 
tion  quasi-neutral  n-type region with  nonuniform band struc- 
ture are [57] 

-the  hole  current  equation 

-the  hole  continuity  equation 

-and the  hole  density  equation 
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Fig. 2. Geometry of the  emitter  studied in this  work. X = 0 marks  the 
emitter edge of the space  charge  layer. X = W is the silicon  surfa8:c. 

where GP is the  hole quasi-fermi level measured relative e81 Gn 
(the  electron quasi-Fermi level), po is the equilibrium  hole :Ion- 
centration, G the  hole  generation  rate, U the  hole  recom’lma- 
tion  rate,  and  the rest of the parameters have their  mal 
meaning. 

In  this  study we are going to address that  portion of the 
emitter  that is quasi-neutral (Fig. 2 )  where no(x) ND(x) [ $ S I .  
Very  near the metallurgical junction quasi-neutrality br:aks 
down. For  most  of  the voltage range, however, the C U I  rent 
behavior of the  emitter is dominated by the quasi-nehltral 
region. 

The  p-n  product in equilibrium, po(x)  no(x) = nfe(x), nay 
differ from  the  undoped value nfo(x) because of  the  factors 
mentioned in the previous section. With the useful definition 
of  the effective donor  concentration [I 11 , NDeff = N ~ ( , r ; l j ~ /  
n&), we can write po(x)NDeff(x) = n;o. Combining this; llast 
equation  and (6) and taking the derivative, we obtain 

Introducing  this result  in  (4) we  obtain 

J = - -  q D P  d(pl\iDeff) 
P 

NDeff dx ’ 

Under  low-injection  conditions,  (5) becomes 

dx 

with T~ being the hole recombination lifetime. 

normalized excess electron-hole  product 
Equations (8) and (9) are easier to handle by definlrlg a 

PND eff - PONO eff - PND eff - H i 0  
2 

=- - (10) 
n ?O $0 

They  become, respectively 

qDpnfo du 
J = -  --- P 

NDeff dx 
( 1 1) 

-_ dJP - qG - 4n;o u. (‘1 2 )  dx T p  eff 

Taking the derivative in (1 1) and solving for dJp/dx with. (112) 
we get 

+ x  

Fig. 3. Breakdown of normalized excess electron-hole  product  in  the 
two  solutions of thehomogeneous  equation of (13), and  theparticular 
solution.  The  indicated  currents  are  normalized  by  the values of u(x) 
at x = 0 and x = W (see (16)). 

xhere L ,  is the local  hole  diffusion  length. Equation  (13) is a 
linear nonhomogeneous  second-order differential equation  with 
nonconstant coefficients. The  boundary  conditions are 

The second equality is justified by the high concentration of 
electrons in the  emitter  that avoids significant deviations of 
the  electron gas from  equilibrium, so that 9, is constant. V(x) 
is the separation of quasi-Fermi levels at  any  point. 

The general solution  of (13)  can be expressed as the sum of 
the  solution to  the  homogeneous  equation (G = 0), plus a 
particular  solution. The  homogeneous  solution itself can be 
written as a linear combination  of  two  independent solutions. 
We denote these  solutions (within multiplying  constants) 
uf(x), the  “forward”  solution,  and u,(x), the “reverse” solu- 
tion.  The sum of the  three  solutions  has  to  fulfill  the  bound- 
ary  conditions. For convenience we  take 

Uf(0) = 1 U f ( W )  = 0 (1 5 4  

U , ( O )  = 0 U,(W)  = 1 (15b) 

U p ( O )  = 0 U P ( W  = 0 (1 5c) 

4x1 = u(O)Uf(X) + u(Wu,(x> + up(x> (1 6) 

and  the general solution can  be  expressed as [59] 

as seen in Fig. 3. A convenient method of finding uf, u,, and 
up is discussed below. 

We now substitute  (14)  and  (16)  into (1 1) 

DP dUP . (17) dx NDeff dx 

We can now define (see Fig. 3) 
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so that  the  currents  at x = 0 and x = W are 

+ Jpw. (19b) 

With the present notation, af and a, are the  forward  and reverse 
transport  factors as usually  defined  in the base of bipolar tran- 
sistors [ 6 0 ] .  

To  obtain  a  solution to  the  problem, we still need to  relate 
V(W) and V(0). At the surface the following relationship  holds 
between  the  hole  curent  and  the  hole  concentration: 

J p ( W  = 4S(P - P o ) J x =  w (2 0) 

where S is the “surface recombination velocity.” The use of 
(10) and  (14b)  permits us t o  rewrite  (20) 

where Jos is the surface saturation  current 

Combining (21) with  (19a)  and (19b) we get 

These  are the  most general  expressions of the  hole  currents  at 
the  junction  and  at  the surface of  the  emitter  under  any bias 
and  illumination  conditions. 

Defining the  emitter  saturation  current Jo as that  current 
flowing  in the  dark (Jpo = Jpw = 0), and  the  photogenerated 
current Jph ‘as the remaining term,  (24) gives 

where 

and 

It is also of interest  to define an  emitter  transparency  factor 
[27]  in  the  dark, which indicates  the  fraction of injected  car- 

,riers that  recombine  at  the surface as opposed  to recombining 
in  the bulk. 

at =- 
J p ( W ) l  = 

afJos  
(28) Jp(0)  G=O Jos + JOr(1 - afc~r)‘ 

Considering J o  first, several cases are of practical interest: 
1) If the surface recombination velocity is very large, such 

that Jos >> Jor,  then Jo N- Jof  and at cx ap This is the case of 
most  common transistors with  metal  contact  to  the  emitter 
and  the  portions  of  the solar cell emitter  that is covered by 
metal [53]. 

2) If the surface recombination velocity is very low,  such 
that Jos <<Joy (1 - afar), then Jo  = J0f  (1 - ap,). This  could 
occur  in regions of  the  emitter  that are passivated with  Si02 . 

3) If the  recombination  in  the  emitter is so high that  no 
carriers  can be transported  through  the  emitter,  it is denoted 
as “opaque”  and af N- a, 0. Therefore J o  J o f  and at 
0. This is the  situation  in  the  deep  emitters of TPV solar cells 
[61] and  probably  in  the  emitters  of power devices [25]. 

4) If all the carriers injected  from  one  end can  reach the 
other  end  of  the  emitter,  then af’ CY, nc 1, Jo  Jo fJos / (Jos  f 
Joy) ,  and at 1.  This is the so-called “transparent”  emitter 
characteristic of shallow emitter solar cells [62]  and bipolar 
transistors [63], and  the Al-alloyed high-low junctions  of BSF 
solar cells [64]. 

In  the  photocurrent, as given by  (27),  two  extreme cases are 
of  interest to consider: 

1) If the surface recombination velocity is very low, Jos << 
Joy ,  (27) becomes Jph -N J + olyJpw, In  a  transparent  emitter 
this further reduces to J p h  -Jpo  + Jpw which is the  maximum 
photogenerated  current  one  can draw from  the  emitter.  This 
is probably  the case of planar photodiodes  with  a passivated 
surface, and very shallow and lightly doped  emitters 16.51 that 
show quantum efficiencies  very near to unity. 

2) If the surface recombination velocity is very high or  the 
transport  factor is near zero because the  emitter is opaque,  we 
get Jph _N Jpo . This is probably  the case of some heavily doped 
deep  emitters used for  the  characterization of lifetime in dif- 
fused  layers [34]. 

It  has been shown  that  in  most  common devices the  photo- 
generated current in the  emitter does depend very  strongly on 
the surface treatment [32], [ 6 6 ] ,  1671. In this case, the  full 
equation  (27)  needs to be used. 

Denoting CT as the  total  number of carriers generated inside 
the  emitter,  the  internal  quantum efficiency of the  emitter is 

p: 
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The  problem is completely solved when J o f ,   J o y ,  q ,  o1,,.rD0 
and Jpw are known  for  a given profile  and  illumination  cc.it:li- 
tions. The calculation of these quantities in the  most ger1,::al 
case is done by  computer  by solving the coupled first-01 der 
differential equations (1 1) and  (12).  After  a  normalizari’m 
procedure,  these  equations can easily be integrated. With 8;; = 
0 in (1 2) we first integrate  from x = W to x = 0 to  obtain u j  (0) 
and J f (0) .  The initial conditions are uf( W )  = 0 and  an  arbit I ary 
value for J f ( W ) .  After  the  integration we obtain in this  w: y a 
value uf (0)  which  in  general will be different  than  unity. S:irlce 
J f ( 0 )  is linear in uf(0), the  correct Jof  is Jf(0)/uf(O). ‘The 
forward  transport  factor  CY^ is simplyJf(W)/Jf(O). We proceed 
in a similar way to calculate Joy and CY, by integrating from x = 
0 to x = W with initial conditions u,(O) = 0 and  an arbit!zl.ry 
J,(O). We now compute Jo and at from  (26)  and (28). 

The  calculation of Jpo and Jpw comes next by integra mg  
(1  1)  and  (12) again, with  the  correct  generation  term in ( . 2 ) .  
We integrate again from x = W to x = 0 with initial condit~ons 
up  ( W )  = 0 and  an  arbitrary J p  (W). At the  junction (x = 0:: ‘we 
will obtain, in  general, a value of u(0) different  than  zero, and 
a  current Jp(0). Using (19a)  and  (19b), we can obtain 

J p o  = JOf 4 0 )  - J p ( 0 )  1: 3; 0)  

J p  w = J p P )  - q J o f  4 0 )  1:) 1) 

where  everything is known. With all the results  now we  can 
calculate Jph and q from  (27)  and (29). The use of lineariiy in 
the preceding manner eliminates the need to “shoot”  the :Inte- 
gration  many  times to obtain  the desired boundary  conditbm. 

One other  interesting  feature of this type of calculatic~r~ is 
that  the  problem does not need to be solved again when 1 he 
value of surface recombination velocity is changed. In our 
formalism, Jos is the  only expression affected by S ,  all the rest 
of the  parameters coming out  of  the  integration are  consta~;rl.. 

IV. RESULTS A N D  ANALYTICAL APPROXIMATIONS 
A  computer program that solves the  emitter  equations as 

described  in the previous  section  has  been written.  Althrugh 
further research is needed to gain a  better knowledge of the 
minority-carrier  parameters in heavily doped silicon, the pgys- 
ical models selected in  Section I1 are  sufficient to illustrate the 
basic physics  occurring in the  emitters. We separately srudy 
the  emitter  saturation  current and the  internal  quantum 
efficiency. 

A.  Emitter Saturation Current 
Figs. 4-7 display  lines of equal  saturation  current  and tI ans- 

parency factor of several Gaussian emitters  with differenl  sur- 
face concentrations  and  junction  depths for two values ol sur- 
face recombination velocity S = 00 and S = lo3 cm/s.  The hase 
doping level is N ,  = ~ m - ~ .  Several distinctive doriuins 
are identifiable. We will treat  them separately. 

I )  The “Transparent” Domain: In  the previous sectioll we 
identified  the  “transparent”  emitters as those that have a  t ‘-;ins- 
parency  factor at of  unity, This situation can  appear in (: rnit- 
ters  that are either  lightly doped  and  moderately  thick,  or  h.ghly 
doped and thin, as seen in Figs. 5 and 7. Higher values 01’;sur- 
face recombination velocity maintain low values of excess hole 

’ “ I  
/ s e c 

’ “ I  
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EMITTER  SATURATION CURRENT ( 1 0 ~ ’ 3 A l c m 2 )  
I I 
1 10 

EMITTER THICKNESS (pm)  

Fig. 4.  Iso-saturation current lines of Gaussian n-type  emitters  with 
S = - cm/s. 

0 90 

TRANSPARENCY  FACTOR 
I I 
1 

E M I T T E R  THICKNESS ( p m )  
10 

Fig. 5. Iso-transparency factor lines of Gaussian n-type  emitters  with 
S = - cm/s. 

concentration in the vicinity of the surface  where the low life- 
time regions exist and  therefore  the  transparency  condition is 
fulfilled more easily. 

The modeling of these transparent  emitters  has already  been 
carried out [ 141. The derivation from  our general formulation 
of Section 111 is straightforward and leads to  the same equation 
as in  [14] 

When the surface recombination velocity is large, the injected 
hole current in the  emitter is limited  by  the  transport  of holes 
to  the  surface; J o  becomes 

where 

Geff(X) = LX D, eff dx  

(3 3 )  

(3 4) 
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Fig. 6 .  Iso-saturation  current lines of Gaussian n-type  emitters  with 
S = i o3  cm/s. 
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Fig. 7. Iso-transparency  factor lines  of  Gaussian n-type  emitters  with 
s = i o 3  cm/s. 

since it has a similar role as the  Gummel  number in the base of 
bipolar transistors [68]  (except  for  the D, dividing factor). 
We call Geff(W) the effective Gummel  number  of  the  emitter. 
To obtain  the smallest J o ,  the effective Gummel  number of 
the  emitter C,,(W) has to be maximized  while the  transparency 
of the  emitter still holds. Fig. 4 indeed shows  how  as the sur- 
face concentration  and thickness of  the  emitter increases, Jo 
decreases. 

If the surface recombination is low,  the hole current  may 
become  surface recombination  limited,  and Jo is 

(3 5) 

This condition is more difficult to  meet because when  the sur- 
face recombination velocity is small the  recombination  in  the 
bulk of  the  emitter is likely to be of comparable  magnitude 
and  the  transparent  model fails altogether.  It is more likely 
to be fulfilled in lightly doped  thin  emitters  where  the  total 
bulk recombination  may be small, as seen in Figs. 6 and 7. 
In Fig. 6 we observe that  at  the lowest  surface impurity  con- 

centrations Jo  decreases with increasing Ns. The transparency 
condition, however, fails very  soon (see Fig. 7), and Jo  starts 
increasing as the bulk recombination augments. 

2)  The “Quasi-Transparent” Domain: As the doping level 
increases and  the  lifetime decreases, more carriers recombine 
within  the bulk of  the  emitter  and a smaller number reach the 
surface. The same effect  occurs as the  emitter thickness  in- 
creases. The significance of bulk recombination is more pro- 
nounced  and appears  sooner for  emitters  with low surface 
recombination velocity. Transport limited emitters,  on  the 
other  hand, are less sensitive to bulk recombination because 
the  hole  concentration in the most highly doped layers of  the 
emitters, near the surface where  the lifetime is very  degraded, 
is very small and  the  hole  recombination  rate is therefore small 
too.  The behavior of  both  types  of  emitters is very different. 
In  transport  limited  emitters,  the effect of increasing the doping 
level or thickness is t o  reduce Jo , while  in  surface  recombina- 
tion  limited  emitters Jo  increases. 

To explain this difference we define the quasi-transparent 
domain as the range of  emitters in  which the bulk  recombina- 
tion is small enough so that  the  transparent  hole  distribution 
throughout  the  emitter is only slightly perturbed. With this 
understanding, as we increase the doping level or  the thickness 
of transport  limited  emitters  the holes have a higher probability 
of recombining because of the  reduced lifetimes and longer 
paths. At  the same time  the effective Gummel  number  of  the 
emitter increases. Since the  first mechanism only  represents a 
perturbation  to this  main  limiting  mechanism, Jo decreases. 
This observed in Fig. 4. 

In  the surface recombination limited emitters  the low surface 
recombination  rate  and low doping  density make  the hole 
density  very  high throughout  the  emitter. Bulk recombination 
increases with doping level and  thickness,  drawing more  hole 
current. Jo  therefore increases, 

We can now build an  approximate analytical  model.  Integra- 
tion of the  continuity  equation (9) (with G = 0) gives the 
emitter  current as 

which is the sum of  the  current recombining at  the surface  plus 
the  current recombining  in the bulk. 

Since the bulk recombination does not significantly perturb 
the  hole  distribution  in  the  emitter, we can write 

(3 7) 

and 
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Fig. 8. Comparison of the quasi-transparent  analytical  emitter m ~ d e l  
results  and the  exact  simulation  for  a  n-type Gaussian emitter ivith 
N s =  lozo ~ m - ~ ,  W = 0 . 3  X cm, andNb = 10l6 ~ m - ~ .  

The  total bulk recombination  current is approximately 

The  total  emitter  current is obtained  by adding (37) and ((39), 
and the  saturation  current becomes 

The  term in brackets in (40) provides,  in effect, a first-i.I:rder 
correction  to  (32)  due  to bulk recombination. 

We have implemented  (40) in an HP-41CV pocket  calcu!ator. 
The same  physical parameters as in our full computer sol ition 
have been used.  Typical  results are shown in Fig. 8. Th: t exe- 
cution  time required  for the  2.2-percent  error is 56 s. In I;ig. 8 
also the surface recombination  component and the bulk rc corn- 
bination  component of J o  are  separately  drawn. The anal {tical 
model predicts both very well: the surface component being 
the first term in (40), and  the bulk recombination  comp  ment 
the  other  two.  At very high values of S the bulk reconkina- 
tion  component shows a  greater error as compared  wilh  the 
computer  solution. The error arises from  the numerica han- 

I 1  I I 
0 2  

EMITTER THICKNESS ( p m )  
10 

Fig. 9. IJlustration of the  limits of validity of the analytical  approxima- 
tions  for  a  n-type Gaussian emitter, NS = 1 020 ~ m - ~ ,  Nb = 1 0l6 a n b 3 ,  
and  variable  thickness  and  surface  recombination  velocity. 

dling of  the integral  in the second  term of (40) in the calculator. 
With much smaller steps and longer execution  time,  this  error 
can be reduced  almost to zero.  The small contribution  of  the 
bulk recombination  rate in  comparison with  the large surface 
recombination gives an overall negligible error. 

Fig. 9 collects  some more results in which our analytical 
model is compared  with  the  computer simulation. The  model 
breaks down as the  emitter becomes opaque. 

3) The "Opaque" Emitter: When the  recombination in the 
bulk of  the  emitter is important very few holes  reach the surface 
to recombine there  and all of  them recombine in thsemitter: 
the  emitter is "opaque" to  the holes.  The transparency  factor 
becomes very near to zero. In these conditions  the value of 
the surface recombination velocity is irrelevant. 

In this case the numerical solution of Section 111 can be used. 
Alternatively  a regional analysis such as that of Amantea [ X ]  
or Fossum and  Shibib [ 171 may provide an acceptable  result. 
Fortunately, as we have seen,  most of the  typical  emitters used 
in solar cells and bipolar transistors are  described  by the "quasi- 
transparent"  model, at least with  the physical  parameters here 
used. In the "opaque"  category we should  include the  deep 
emitters of TPV solar cells [61],  point-contact solar cells [69],  
and power devices [ 2 5 ] .  

B. Internal Quantum Efficiency 
Fig. 10 shows the'  internal  quantum efficiency of several 

Gaussian emitters  with  different surface concentrations  and 
junction  depths  for  an AMI spectrum. The value of the surface 
recombination velocity is I O 3  cm/s. At low values of surface 
concentration  and thickness the  internal  quantum efficiency is 
around  unity.  It  drops dramatically as thickness and surface 
concentration increases, as has been observed experimentally 
for several years 1281, 1291, [ 7 0 ] ,  [7 11 . Low values of surface 
concentration  permit  thick  emitters  without loosing to  much 
collection, as experimentally observed by  Conti et al. [32]. 

To analytically  model the  internal  quantum efficiency we 
use the same theory as developed for  the numerical model in 
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~~0 = G(x>jpo (x)dx = ___ 
Geff ( W )  lW GQx) 

. [Geff(W> - Geff(x>l dx (45) 

Jpw f W  G(x)jpw(x) dx =- I: G(X)G,ff(X) dx. 

1 I I J’,” (47) 

Geff(W) 

(46) 

Also, from  (43) we obtain 

0 90 

INTERNAL  QUANTUM  EFFICIENCY 
JPo -t Jpw = 4 G(X) dx = ~ G T .  

EMITTER THICKNESS (prn) 
10 

Now we  go back to  the expression of  the  photocurrent 
Fig. 10. Iso-internal  quantum efficiency  lines  of  Gaussian n-type  emit- deduced  previous~y (in (2711, and  (46)  and  (47) for 

Jpw and J p o .  Additionally we take a,. := 1  (transparent case), 

qn;o/Geff(W)). After  some  simple manipulations we get 

ters wit11 s = io3 cm/s. 

I I Jos from  (22)  and Joy from  the  transparent  theory. (Jor = 

4 J G(x)Geff(x) dx 

NDeff(w) ‘ 

J = qGT - 
Ph (48) 

Geff ( W -t -- S 

e 
0 

The  internal  quantum efficiency is therefore 
X W X 

Fig, 11. Schematic  of  the  particular  solution of the  minority-carrier 
generation  profile  produced by  a  spike  of  generation located  at  depth G(x)Geff (x> dx 
x (see  text). o = l - - .  1 

NO eff (w- 
(4 9) 

GT 
Section 111. With the  decomposition of the excess electron- 
hole  product of Fig. 3 we only have to solve here for  the par- 
ticular solution.  In  the  transparent case this is easily done  by 
studying first the  currents  produced  by  a spike of  generation 
6(x) located  at  point x in the  emitter  that  produces  an excess 
hole concentration p’(x) at  that  point (see Fig. 11). The  cur- 
rents  at  the surface and  at  the  junction, in the case of  zero 
excess carriers at  those  two  points, are 

Geff ( W )  + ____ S 

which is a rigorously exact result in this case of transparent 
emitter.  The  interpretation of this  equation is straightforward. 
If S = 0, then 17 = 1, which  effectively shows thlat the  only loss 
mechanism  built into  this  model is the surface recombination. 
The second term in the right-hand side therefore represents the 
relative amount of photogenerated carriers recombining at  the 
surface. 

w’(x)ND eff (X) We have implemented  (49) in the HP-41CV calculator.  For 
Geff(X) (41)  the  simulation  of  the AM1 spectrum we: have chosen the  inte- 

grated algebraic expression  provided  by Hsieh et al. [72] . Fig. 
(42)  12 shows the comparison of the analytical  expression (49) 

with  the  exact  computation  for  a  typical solar cell and  photo- 
The  total  generated  current is then  diode  emitter.  Although  the analytical  expression (49) does 

not  account  for  any bulk recombination, it predicts the  inter- 

j p o  (x) + i p w ( x >  = qp’(x)NDeff (x> nal quantum efficiency and  the  proportion of recombination 
Geff(X)[Geff ( W )  - Geff(x)l’= at  the surface, for all values of surface recombination velocity, 

(43)  with  a  maximum error of 1.4 percent. Similar accuracy is 
obtained  for  exponential  monochromatic generation  profiles, 

because the integral of  the 6 function is 1. Therefore as shown in Fig. 13. The reason  for  this lies on  the  fact  that 
high concentrations of minority carriers are never present  in 

(44) any part  of  the bulk of  the  emitter, even when S is very low, 
because the electric field aids the  collection of the  photogen- 

For  an  arbitrary  generation  function G(x), from  (41)  and  erated carriers. The accuracy of the model improves as S in- 
(42) using also (44) we have the following currents: creases, as seen in Fig. 13, because less carriers  are  in the 

j p o  (x) = 

ipw(x> = 
qp’(xjND eff (x) 

Geff(W) - Geff(x)’ 

Geff ( W )  

[ G e f f ( W  - Geff(x)l Geff(X) 

= NDeff(X)Geff(W) 
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Fig. 12.  Comparison  of  the  exact  solution  and  the  transparent  an3lyt- 
ical solution  for  the  internal  quantum  efficiency  of  ann-type Gau ; c h  
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Fig. 13.  Comparison  of  the  exact  solution  and  the  transparent  anrlyt- 
ical solution  for  the  internal  quantum efficiency of an  n-type em tter 
with  the  parameters  indicated  in  the  figure.  The  spectrum is mmo- 
chromatic  with  the  absorption  coefficient  in  the abscissa  axis. 

vicinity of  the highly  recombining surface layers. It is inter8:;3t- 
ing therefore to note  that  although  the  quasi-transparent  model 
is necessary to describe the behavior of the  emitter in the d;i Ik, 
a simple transparent  model gives excellent  accuracy  when d~!,sl- 
ing with  the  emitter  under  illumination. 

For  monochromatic  illumination  of a very high a, (49) sa1,ur- 
ates  at a value 

which suggests a method  of measuring the  parameter S/NDeff( CU) 
that characterizes the  emitter surface recombination  rate. l’ ig.  
13 also indicates this limit. 

The  development of a quasi-transparent  model  for  the  inler- 
nal quantum efficiency  following the same chain of reason ng 
is straightforward.  For reasons of space we have not  felt : he  
necessity of presenting it  here because of the  satisfactory ac,:u- 
racy of  the  transparent  inodel in dealing with all emitters  of 
interest  for solar cells and  photodiodes. As seen in Fig. 9 lhe 
domain of validity of the  transparent model  for the  inter ~ a l  
quantum efficiency is similar to  that of the  quasi-transparwt 
model  for  the  emitter  saturation  current. 

V. CONCLUSIONS 
A new computer  simulation  that simultaneously solves the 

saturation  current  and  the  internal  quantum efficiency of quasi- 
neutral  emitters has  been developed. By using linear  superposi- 
tion of solutions,  the calculation has been  greatly  sped up over 
previous  simulations. 

The physics governing the  transport and recombination of 
minority carriers  has  been identified. This has permitted  the 
development of analytical  solutions for  emitters  in which the 
bulk recombination represents  only  a perturbation of the 
minority-carrier profile governed by  surface recombination 
and bulk  transport.  The analytical  modeling of these so-called 
“quasi-transparent”  emitters is compared  with  the  computer 
simulation,  and very good accuracy is predicted  for  typical 
emitters of solar cells, bipolar transistors,  and  photodiodes. 

The analytical models  presented in  this  paper  should be of 
use for  the  optimization  of  the  impurity profile of shallow 
emitters  for device applications [73]. 
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