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Studies of Diffused Phosphorus Emitters: Saturation
Current, Surface Recombination Velocity, and
Quantum Efficiency

R. R. KING, STUDENT MEMBER, IEEE, R. A. SINTON, MEMBER, IEEE, AND
R. M. SWANSON, MEMBER, IEEE

Abstract—The surface recombination velocity s for silicon surfaces
passivated with thermal oxide, is experimentally determined as a func-
tion of surface phosphorus concentration for a variety of oxidation,
anneal, and surface conditions. This was accomplished by measuring
the emitter saturation current density J, of transparent diffusions for
which the J, is strongly dependent on s. At the lowest doping levels,
the value of s was confirmed by measurements of s on substrates with
uniform phosphorus doping. The impact of these measurements on so-
lar cell design is discussed.

I. INTRODUCTION

SSIVATED emitters are an important part of many
high-efficiency solar cell designs [11-[5]. An emitter
at a semiconductor surface is said to be passivated if the
surface has been treated in such a way as to reduce carrier
recombination in the emitter. Such emitters can have an
emitter saturation current density J, that is an order of
magnitude lower than that of an unpassivated emitter [3],
[6]. Moreover, the minimum J, of passivated emitters oc-
curs for shallow, relatively lightly doped diffusions, so
the quantum efficiency of this type of emitter located on
the sunward surface of a solar cell can be very high while
maintaining low Jo. In contrast, the J, of unpassivated
emitters decreases with increasing emitter thickness and
surface dopant concentration [6], [7], which compromises
quantum efficiency. An oxide-passivated emitter in sili-
con also has some advantages over an oxidized silicon
surface with the same doping density as the substrate. For
solar cells with a substrate in high-level injection, at low
incident light intensities, recombination in a passivated
emitter at the surface can be much lower than at an oxi-
dized, undoped surface [4], [8]. In addition, the recom-
bination characteristics of passivated emitters have been
found to be much more resistant to degradation by UV
light than those of an oxidized, undoped surface [9].
One of the most important parameters for predicting the
Jo and the quantum efficiency of a passivated emitter is
the surface recombination velocity s as a function of sur-
face dopant concentration Ny Unfortunately, s is
strongly dependent on technological factors, some of
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which are difficult to control. For an oxidized silicon sur-
face, s varies with surface roughness, surface contami-
nation, oxidation temperature, ambient gases during oxi-
dation, and postoxidation annealing. When contamination
is negligible and all processing parameters are the same,
however, definite trends in the dependence of s on Nyt
can be observed.

This paper reports experimental measurements of the
emitter saturation current density for a variety of emitters,
with differing surface concentration and junction depth.
Values of surface recombination velocity extracted from
this data are presented along with calculations of emitter
saturation current density and photocurrent loss based on
this new information.

II. PreEvious WORK

Many workers have studied recombination at the oxi-
dized silicon surface. Some of their contributions include:
measurement of increasing density of interface states Nj;,
with increasing phosphorus, arsenic, boron, or gallium
concentration in the silicon, and higher fixed oxide charge
for boron doping than for phosphorus doping [10]; deep
level transient spectroscopy measurements of the inter-
face state density per unit energy D, and of electron and
hole capture cross sections g, and o, on nearly intrinsic
silicon [11]; the decrease in the measured J; of oxide pas-
sivated boron emitters with increasing oxidation temper-
ature [1]; measurements of the J, of oxide-passivated
phosphorus and boron diffusions by contactless photocon-
ductivity decay [6]; the o, /0, ratio of the interface traps
that dominate recombination for lightly boron-doped, ox-
idized surfaces [12]; and measurement of the decrease in
s at a lightly boron-doped Si/SiO, interface with increas-
ing injected carrier density [13], [14].

Finally, several authors have measured the fundamental
surface recombination velocity s, at oxidized, boron-
doped silicon surfaces [15]-[17]. In principle, so can be
used to predict the actual surface recombination velocity
s, but, in practice, the predicted value of s is a very sen-
sitive function of the surface potential and of the ratio
0,/ 0p. This leads to a large uncertainty in the value of s
when calculated in this way. In addition, using s, as a
parameter to characterize recombination at the Si /Si0,
interface requires the assumption that Dy, 0,, and o), are

0018-9383/90/0200-0365$01.00 © 1990 IEEE
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constant with respect to bandgap energy. These approxi-
mations become less valid as the Fermi-level splitting be-
comes large, as in a passivated solar cell emitter.

III. ExPERIMENTAL METHOD USED IN THIS WORK

Contactless photoconductivity decay [6], [18] was used
to measure surface and bulk recombination in this study.
In this method, the sample to be measured is placed on a
coil with an oscillating magnetic field. The coil couples
inductively to the sample, and the measured signal output
of the circuit containing the coil is proportional to the con-
ductance of the sample. A pulse of light from a strobe
lamp generates carriers in the silicon sample. After sev-
eral transit times of the wafer have elapsed, the excess
carrier concentration n’ has a nearly uniform distribution
throughout the wafer. The decay of n' is then recorded as
a function of time. The effective lifetime 7.¢ of the sample
as a whole is given by:

1 1 dn'

Teif

n' dt’
Both surface and bulk recombination components are in-
cluded in 7.5. Most of the samples consisted of a lightly
doped silicon substrate that has identical planar dopant
diffusions with thermal oxide passivation on both sides of
the wafer. The substrate was in high-level injection dur-
ing the measurement of 7. The doped surfaces are in
low-level injection. Since the substrate is highly injected,
n' is almost exactly equal to n, the total electron concen-
tration, and 7.5 depends on n according to the expression:

1 1 n

2Jo—
qniw

Teff  Toulk

where Ty is the bulk Schockley-Read-Hall (SRH) life-
time, J, is the emitter saturation current density of a single
dopant diffusion, w is the wafer thickness, and Cy is the
ambipolar bulk Auger coefficient [6]. When (1/7.q) —
C,n’ is plotted versus n, a straight line results which has
a slope proportional to Jo. Thus this method yields a fairly
direct measurement of J,. The value of C, used for the
highly injected substrate was 1.66 x 107> ¢cm®/s from
[19], and was assumed to have an uncertainty of + 10 per-
cent. After the lifetime measurements, the oxide was
stripped from the samples, the sheet resistance of each
diffusion was measured, and the dopant profile was mea-
sured by secondary ion mass spectroscopy (SIMS).

In the low doping range, 7es Was also measured for some
uniformly doped substrates with oxidized surfaces. In this
case, T.g is given by:

=+ CAn2

1 J|
_— = +
Teff  Toulk

s

SRR

where s is the surface recombination velocity. When sev-
eral samples with identical doping and processing but dif-
ferent thicknesses are measured, 1 /7. can be plotted ver-
sus 2 /w to give a straight line with slope s and a (1/7eq)-
axis intercept of 1 /7y

IV. EXPERIMENTAL DATA

Fig. 1 shows some of the measured values of J, at 300
K for oxide-passivated phosphorus diffusions, and how
they depend on Np g, the surface phosphorus concentra-
tion, and x;, the emitter thickness at which Np = 10"
c¢m >, The samples shown were processed in slightly dif-
ferent ways. Some were oxidized in an ambient contain-
ing trichloroethane (TCA). Some were not. Some were
given a forming gas anneal (FGA) at 400°C, others were
given an aluminum anneal, in which both sides of the
wafers were covered with sputtered aluminum, and an-
nealed at 400°C. For all samples, the dopant source was
phosphorus doped SiO,, formed by atmospheric pressure
chemical vapor deposition at 400°C.

From Fig. 1, it can be seen that increasing emitter
thickness or increasing Np g tends to increase the Jy, as
bulk recombination in the emitter dominates over surface
recombination. Jo is lowest for shallow, lightly doped
emitters. The J, remains small even for emitters with very
low Np, surf, in spite of the lower potential barrier between
the surface and the bulk of the wafer that exists for such
emitters. This is because s decreases with decreasing
Np. suri» Which tends to counteract the detrimental effect of
the lower potential barrier.

Fig. 2 is a similar plot showing the experimental J, de-
pendence on Np_sufs for passivated emitters that have not
received a forming gas anneal. The forming gas anneal
makes little difference at high doping concentrations, pre-
sumably because hydrogen cannot passivate the traps that
are most active in causing recombination. Below Np quri
— 6 x 10'® cm 3, however, the higher s of the samples
without an FGA begins to impact the Jo seriously.

Since most high-efficiency silicon solar cells have a tex-
tured sunward surface, it is important to know what effect
texturing has on the Jo. Fig. 3 shows measured values of
J, for passivated emitters with a textured surface. Np ur
and x; could not be measured directly on the textured sam-
ples by SIMS, because of the rugged topography of the
surface. Instead, the values of Np surt and x; used in Fig.
3 are those measured on companion wafers that were pro-
cessed identically, except that they were untextured. The
value of J, for the textured emitters is typically higher
than for the corresponding untextured emitter, but the
same trends of lower J, with decreasing Np sur and de-
creasing x; persist in the textured case.

V. DEPENDENCE OF SURFACE RECOMBINATION
VELOCITY ON PHOSPHORUS CONCENTRATION

A. Extraction of Surface Recombination Velocity from
Jo

Since the dependence of Jo on Np g in the phosphorus
emitters is determined at least in part by the dependence
of s on Np_qr, it is possible to extract information about
s as a function of Np_ g from J, measurements. This was
done by solving the carrier transport equations numeri-
cally, in the manner described by del Alamo [7]. To ex-

tract s in this way requires well-known values of the prop-
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Fig. 1. Measured values of the emitter saturation current density J, for
untextured, oxide-passivated phosphorus diffusions, after either a form-
ing gas anneal or an aluminum anneal. The values of surface phosphorus
concentration N, . and emitter thickness at N, = 10'° cm ™2, x;, were
measured by SIMS. The value of J, in units of 10~'* A /cm?, is printed
above each point. g
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- Fig. 2. Measured values of the emitter saturation current density J, for
untextured, oxide-passivated phosphorus diffusions, with no forming gas
anneal. The values of surface phosphorus concentration N .. and
emitter thickness at N, = 10'° cm >, x;, were measured by SIMS. The
value of J, in units of 10> A /cm?, is printed above each point.

erties that control carrier transport, such as minority
- carrier lifetime, minority carrier mobility, and bandgap
- narrowing, all as a function of Np. Fortunately, these pa-
- rameters are known with a high degree of confidence from
~ previous experiments [7], with the possible exception of
lifetime for doping lower than N, = 5 x 10" cm™>.
Above N, = 10" cm 3, hole lifetime in the heavily phos-
- phorus doped emitter should be dominated by band-to-
band Auger recombination. Since this process is funda-
- mental, in that it does not depend on defect density in the
-~ silicon, the value of the Auger coefficient found in pre-
vious experiments should be quite applicable to the
emitters in this study. In addition, the contribution of bulk
recombination in the emitter to the measured J, can be
minimized by using very thin emitters, improving the ac-

367

T T T
4020
g 107" F E|
18 0.68
2 . 2.8
2 0.33 o
5 * 091
€ 1019} - ogo i
@ o 0.69
s 030 &
E >
g
G 4a10 | _
o 10
@
2
o
3 @ textured, w/TCA, Al annealed
RN O textured, no TCA, 1000C, w/FGA
5 107} |
3
7]

1 1 1

10> 10 10

Emitter Thickness (meas. on untex.) (cm)

Fig. 3. Measured values of the emitter saturation current density J, for
textured, oxide-passivated phosphorus diffusions, after either a forming
gas anneal or an aluminum anneal. The values of surface phosphorus
concentration N, . and emitter thickness at N, = 10'® cm™?, x;, were
measured by SIMS on untextured wafers that were otherwise processed
identically to the textured wafers. The value of J,, in units of 10~
A /em?, is printed above each point.

curacy of s. The experimental uncertainty in bandgap nar-
rowing is +9 meV out of 81 meV at Np = 5.3 x 10"
cm > [7].

B. Surface Recombination Velocity Versus Phosphorus
Concentration

Given the SIMS measurements of phosphorus concen-
tration as a function of depth and the measured values of
Jy, the numerical emitter model was used to find s for each
emitter. The results are shown in Fig. 4. Most of the
emitters used to find s were thin enough that the J, was
dominated by surface recombination rather than bulk re-
combination, to make the measurement as sensitive to s
as possible. The extracted values of s show a remarkable
correlation with Nj, g, especially for a parameter that is
as process dependent as s. Note that the aluminum an-
nealed samples have a consistently lower s than those that
received an FGA. Also, a 950°C oxidation seems to yield
a somewhat higher s than one at 1000°C. ‘

For Nj .. greater than about 10'® cm ™, the increase
in 5 is approximately linear in Np . This is the behavior
one would expect if the increased s were due solely to an
increase in interface states with a constant capture cross
section, and if the interface state density were propor-
tional to the surface density of phosphorus atoms. This is
an over-simplified explanation, since the cross section
probably does depend on bandgap energy and the surface
recombination rate is dependent on the quasi-Fermi-level
positions at the surface. :

The points indicated by stars in Fig. 4 were measured
on samples with uniform phosphorus doping throughout
the wafer, using several different wafer thicknesses, This
measurement does not require any assumption of the de-
pendence of bulk lifetime on Np, and serves as a check
on the values of s extracted from emitter measurements.
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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
Np.wrt < 3.5% 107 Cm " 2 The €1 /7o) — C,n* 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 J, values for these
three samples were taken in the limit of low n, where the
(l/tw) — C,n* versus n curves become nearly linear.
The values of s found for the uniformly doped substrates
were measured at n = 3.0 X 10" cm™>.

To show how small the contribution of bulk recombi-
nation in the emitter to the total J; 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
Np. qurt 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 J, for oxide-passivated phosphorus
diffusions, as a function of both Np g, and x;. This has
been done in Fig. 6, for diffusions with a Gaussian phos-
phorus concentration profile. The s versus Np._ gt data used
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Fig. 6. Contours of constant J, for oxide-passivated emitters with a Gaus-
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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 J,,
in units of 107'* 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 N ¢ from the fit shown in Fig. 4. Since this
contour plot was generated from J, 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 J, 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 Np ¢, a common practice was to use a constant
value of s, e.g., 1000 cm/s, to predict the J, of passi-
vated emitters. Fig. 7 is a contour plot of J; 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 J,. Most notably, for
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the doping range less than 10'® cm ™, the use of an s =
1000 cm /s assumption leads to an order-of-magnitude
‘overestimate of J,. One can see that there is a large dis-
‘crepancy between the value of J; predicted in this plot and
those calculated using experimental values of s.

' B. Photogenerated Current Loss in the Doped Layer

Another parameter of interest for solar cell design is the
 photogenerated curent density lost due to recombination
in the doped layer on the sunward surface Jio. Jyoq is de-
fined to be the current density photogenerated within the
volume of the emitter, minus the current density flowing
out of the emitter into the substrate. In Fig. 8, contours
of constant Jj, are shown in the Np g, X; plane for Gaus-
sian phosphorus diffusions on the sunward surface of a
- solar cell. The same fit of experimental s versus Np s
data shown in Fig. 4 was used. Jjo Was calculated for the
 SERI AM1.5 direct normal solar spectrum [20] incident
on the cell, normalized to have an incident intensity of
0.100 W/ cm? (one sun), and for unity optical transmit-
tance of the sunward surface. For reference, the photo-
generated current density in 0.1 cm of silicon is 0.0415
A/ cm? for this spectrum, using the absorption coefficient
data in [21]. Jioy is actually quite independent of s, except
- for deep emitters with low surface concentration.
~ Fig. 9 gives contours of constant sheet resistance p; of
Gaussian phosphorus diffusions on the same axes as the
two previous plots, so that J, and Ji,, may be correlated
with p. The p contours were calculated using the ma-
jority carrier mobility data from [22]. Comparing Figs. 8
and 9, it is evident that J;,, depends mainly on pr; (as the
curves are roughly parallel), but that deeper emitters
~ (when passivated) tend to have less photocurrent loss than
shallower ones of the same sheet resistance.

Two solar cell design cases may illustrate how these
plots can be put to use. In the case of a back-contacted
cell in which the sunside diffusion is used mainly to re-

duce surface recombination, not to collect current, the op-
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timum emitter is the one with the lowest J,. For untex-
tured surfaces, this corresponds an emitter with Np g, =
1 % 10'® cm ™3 that is as thin as possible. Fig. 3 shows an
emitter with these specifications is probably near opti-
mum in J, when it has a textured front surface, as well.
Other considerations such as resistance to ultraviolet-in-
duced degradation may play a dominant role in selecting
the best emitter of this type [9].

The second case is that of the emitter on the sunward
surface of a conventional solar cell contacted on both
sides. From Figs. 7-9, one can see that if a value of Np
b 950 10" gm A is required for low contact resistance,
aJyofl X 10~ ¢m~? is desired, and p should be max-
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imized, then this leads to an emitter with Np s = 2 X
10" em™?, x; = 1.4 pm. This yields a value of p; = 60
Q /0. Jiy for this emitter is 0.5 mA /cm’, a tolerable
loss out of the available 41.5 mA /cm’.

VII. CONCLUSIONS

The surface recombination velocity s for silicon sur-
faces passivated with thermal oxide, has been experimen-
tally determined as a function of surface phosphorus con-
centration Np g for a variety of oxidation, anneal, and
surface conditions. It was found that s increases sub-
linearly in Np, s for the doping range from 2 X 10"° cm ™
to1 X 10'® cm~>. Between 4 x 10" cm > and 1 x 10
cm 2, 5 is linear with respect to Np g This dependence
of s on Np g, has a profound effect on the emitter satu-
ration current densities for passivated emitters. Armed
with this new data, it should be possible to make more
informed choices in the design of solar cells and other
silicon devices.
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