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SURFACE PARAMETERS ON THE DIFFUSED FACE OF STLICON SOLAR CELLS
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) ABSTRACT

The MO8 €~V technique has been widely utied, with
5103 as the oxide, to determine surface state param-
eters on_silicon with carrier econcentrations less than
1038 w3, However, at higher impurity concentrations,
capecially those encountered on the nt solur cell
purface (N % 1020 ¢w~3), the MOS technique using 5102
is relatively insensitive. Increased sensitivitcy is
expected for oxides with higher dieluctric permittivity
In this respeet, TazOs with a dielectric permittivity
sonslderably larger thon 5i0; affords a distinet advan=-
tage. It 1s alev in use as the antireflectlon coating
on improved solar cells. Hence, an experimental and
theoretical investigatien hog been conducted into the
feasdbilicy of asing the MOS C-V technique to obtain
information regarding dmpurity and surface atate con-~
centratiens on the diffused face of silicon solar cells
with Tag0s coatings.

The current data yiéld the result chat the fmpur-
ity concentration, approximacely 10 A from che diffused
surface, has the value 2.9x1020 em=3, In addition, it
iy found that Ng, the density of charge in surface and
oxide statas has the value 2,1x1013 cu~2, The ¢-V data
gre found to be !* resgonable agreement with theoret-
ical predictions. Based on these results it is con-
cluded that the MOS G-V technique ylelds useful infor-
matici coneorning surface parameters which contribute
to the high, efficlency limiring, surface recombination
velacities 6n thé ot surface of silicon solar coells.

INTRODUCTION

Inercases in selar cell efficlency con be effected
through a reduction in surface recombinacion veloc-
ity (1), Howiver, a scarcity of information cexists
concerning the diffused face of the silicon solar cell.
This lack of inforwation arises from the difficulties
which oceur when attempting te obtain experimental duta
regarding the surface of heavily doped semiconductors.
The MOS capacitance-voltage technique is commonly used
for determining the nuwber and nature of gurface uscates
on 8ilicon (2, 3, 4}, Most of the work in this area
has been concerned with thermally oxidized §10; on ail-
fcon and has been limited to silicon carrier concentra-
tions below 1018 ew=3, This limitation arises from the
fact that the sensitivity of the technique decreases
with inereasing carrier concuntration. MHowever, con~
centrations in the 1020 en™3 range (5) are the usual
case for the diffused silicon solar cell face, Hence
it becomes necessary to extend use of the technique
outside the limite of current usage. This can be done
if a mechod, independent of bulk semiconductor concen-
tration variation, can be utilized to attain increased
sensitivicy, In this respect, it 18 known that sensi-
civity inereases with increased dielectwic permittivikcy
of the oxide used in the MOS capacictor {(2).

Silicon monexide, a widely used antireflection
coating on silicon solar cells, has a dielectric per-
mittiviey slightly higher tham §10;. However, Tas0s,

a ceating used on improved solar cells (6) has a di-
electrie permittivity considerably greater than either
540 or 8105. Hence uge of Tay0s affords the advantuge
of inereased sensitivity. Numericzl calculations will
be presented later in this paper to support this asser—

tion:, For the present, it ip noted that the properties
of the ¢ {de-semjconductor interfice will vary, depend-
ing on the oxide used as the antiveflection coating.
Thus {nvestigotion of the diffused face on Tasls coated
golar celle has o high degree of relevancy silnce a
practical antireflection coating is used. In addition,
the technique {s non-destructive and has the potential
for use as an aid to quality eontrol in solar cell pro-
duetion. The objective of the present work is thus to
experimentally investigate the feasibility of using the
MOS C-¥ vechnique to obtalyn informacion concerning the
heavily doped, diffused face of sllicon solar cells
with Tay0g a8 the antirefleccion coating.

THEORETICAL RELATIONS

The purpose of this section is te introduce the
mithematicnl formulae used in extracting surface paraoe
eters from the experimental data. Prior te this, how-
ever, a calculation is varried out to show the enhance-
ment in senaitivicy which results from incressed oxide
dielectric permitcivity.

Sensitivity

The sensitivity of the MOS C-V technilque varies
inversely with Cpyn/Cpay  the ratde between minimum
ond maximum capacitanee observed as the applied de
volcage 1s varied through the measurcment range. At
high frequencies, numerical estimates of this ratio
can be ghtained frow the relation (2, 7).

Cmin 1
- (1)
Cmax 1 10 N2
2eg ny
1+ qd EBN

where g, 1is the oxide dielectrie permittiviey, 4 is
oxide th?ckneau, q 18 the electronle charge, k dis
Boltzmunn's constant, T the temperature, N the donor
noncentration, n; the intrineic carrier concentration,
and £y the diglectric permittivity of silicon. Equa-
tion (1) elearly illustrates that for given values of
d, N, &4, and T, the sensitivity increases for in-
credised values of £y. The results for N = 10°0 ew=3
are shown in figure 1. Sipce the curves in figure 1
were computed for a high jmpurity concentration, the
effects of heavy doping were included in the calcula-
tion. With respect to heavy doping, it has been

shown (8) that for concentrations greater than 10617
em™d, ng Rust be replaced by an equivaleat intrinsic
concencration, ny,, which is larger than ny and )
varies with impurity concentration, For N = 1020 corl,
it 45 found that ny, = 12.96 ny (6). Uuing the value
1.4x1010 cm~3 for ny it follows that nye = 1.81x1011
em~3, It is clear, from the results of this computa—
tion, that Tas05 affords the advantage of greatly in-
creased gensitivity in use of the MOS C-V technique.

Impurity Concentration

In the present ease it will be geen thae the im-
purity concentraticn N lu determined at a depth ap-
proximately 10 A £rew ¢he diffused surface ot the
nt/p silicon solar ceil. 'This 18 suffjclently close
that N is congldered to be o surface parameter.




The lopurlty concentration fs determined from the
relation {9, 10},

p

) ”
d(1/c?
qcsAz HF,

dv

A 1z the otea of the MOS gapacitor, V
voletage and Cyp
where

the applied
is the MOS high frequency capaeitance

CDCBE
CHF = G Cqp {33

Cge 1w the capacitance of the semiconductor space
charge layer and G, the oxide cupacitance is given by
Egh
Gy =~ (4)

Equation {2) i sbrained using the depletion approxiba=
rion {9, 10). 1. addition, the measurement Erequency
should bw high enough so that interface states do not
vespund appreciably to the ac signal (9, 10).

In order to obtoin numerical values of Cpp from
equation (3} Cye tust First be obtaiped Erom the C-V
datu. ILf there werc no losses in the MOS eapaciter,
then the teasured capacitance would simply be a series
eombination of €, sand Uyze. However, in the present
case, it is noceasary to consider lesses in the oxide
and in the bulk semiconductor. The oxide losses are
represented by a resisténce R, in parallel with ¢,
and bulk semiconductor losses gy a resistapee in series
with Cgpn. 'The high frequency equivalent circuit for
the MOS capacitor, ineluding these losy elements, ds
ghown in figure 2. From the equivalent cirevdt, Cy,
the measured copacitance is given by

GMB+(MJ%J%c+%ﬂ
(1 - ﬂcsncuuons)z + Encac(an + Rg) + mcono]

Cy ]

{5)

Using seagared values of Cy, Cgp can be obtained
from equation (5) 1f Cg, Rg; and Ry are known. G,
and K, nre properties of the oxide and are obtained
directly by measurement. To obtain R, use is made of
thé fact that, at sufficlently high applied de voltage,
the semiconductor space cherge reglon is in the strong
accumulation condition. For an n-type semiconductor
this implies a very high electron concentration near
the suzface and C is effectively shorted out (11),
This condicion wveclfs ac c the maximm value of
Cm where; max

CoR2

Cuay “ 7 . 3 (6)
(Rg + Rg)® + (uCoR4Ry)

These relations yield the value of N at a dig¢-
tance W from the semiconductor surface, vhere

Egh
W o = (N
8¢

W being the width of the semiconducter space charge
deplerion reglon.

Charge in Sarface and Oxide Stares

From the present experiment onc obtains the quan-
tity N,» the density of charge, in both surfoce and
exide states, per unit surface area (12). N, 1s de-
termined from the well known technique (2) using the
measured capaeitance and voltage in the flat band con-

dition, where

c
Ny = ;;% (Veg = #ug) )

where & iy the difference in work function between
the metal which forms ore plate ofF the MOS capaeitor
and thie semiconductor. Vpp is the value of the ap-
plied de voltuge at the £lat band point, i.e., the
voltage ot which the flat band capaeitance occurs. ‘The
latter is obtolned from eyuation {5), using (2)

1/2
el
(CaedFp = Aq(iﬁ?) {9)
{Cydpp  bedng the capacitance of the sewlconductor
space charge reglon in the flat band condition.

EXPERIMENTAL PROCEDURE

The MOS C-V data were vbtaiped using a 2 x 2 cu
d*/p silicon solar cell of 10 olua-ct base resistivity,
obtdined unceated from the manufacturer. The TapQs
coating was deposited under a vacuun of 251078 tork.
During vopor deposition, the Tas0g charge was contained
in a water~cooled copper boat. The cell was mounted on
o substrate which was heated to 300° € duving deposi-
tion. The oxide deposition rate was 6.56 & por second.
Oxide thickness and index of refreetion aw deteruined
by ellipsometry were 590 A and 2.21, respectively.
After exide deposicion, the cell had an AMO short circ-
eult current of 140 wa and an open circuit voltage of
0.555 volts, The MOS capacitor was formed by vacuum
depositing circular gold dets, 2.54x102 em In diam-
eter, with a thickness of 2000 X, as shown in Eigure 3.
Contact to the gold dot was made by 4 gold wire probe
using a micrepositioner. Thé remaining electrical con-
neccion te the MOS capacitor was made to the Ag=Ti grid
¢contact on the front face of the solor cell. This cone
figuration wag used in order te avesd the complicating
effacts of the p-u junctien in the capacitance meas-
utements. Capacitance as 4 function of applied de
voltage was determined wich a Boonton 71 AR capacitance
meter. Output of the capacitance meter was digplayed
on an %~y recorder. During wedsurement the solar
cell was contained in a light-tight box into which an
atmosphere of dry ritrogen gas wag introduced.

RESULTS
The experimentally obtained C-V curve is shown in
figure 4. Due to dielectric breakdown, upplied de
voltages were limited vo che range shown In the figure.

Impurity Concentration

The impurity concentration is evaluated from a
plot of €3¢ vs V. However, R, wmust first be ob-
tained using (6}. A reasonable eatimate of Cgay 18
obtained by expanding the C-V data as shown 1in fig-
ure 5. The dotted line is an extrapolitlon based un
previous experlence with TigUg coated=uilicon MOS ca-
pacitors in this lahoratory. Cp and K, are obtained
by measurement on a Tug0s coated = single crystal sili-
con, MOS capacitor in strong accumulation: With
Cp = 226.6 pF, Ry = 1.B18x103 ohm, and Cpmax = 205.7 pF
it is found that Ry =« 79.1 oha.

A ploc of Cﬁ% va applied de voltage 48 shown in
figure 6. From the linear portion of the figure, it is
found that

R = 2.9x1020 cy—3
In addition it iz found that W varies between

15.5 and 9.8 § over the linear portion of figure 6.
Hence the present work yields the impurity coaceatbza-
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tion at o mindmun distance of 9,8 { From the diffused
surface.

Chavge in Surface and Oxide States

Using the above value for N, (CB )FE "
2,212x1078 ¢, (Cydpp » 204.3 pf, ond 5? = 8,4
volts, Using ¢yg = 0.9 volt (13), it is found that

Ng = 2:1x1013 ew2
DISCUSSION

The cenfiguration of figure 3 differs oarkedly
from the geometry commonly utilized in MOS capae-
itors (2). Hence in showing feasibilicy it 18 necos-
sary to calculate a theoretieal C=V curve for compari=-
son wich the experimental data,

To compute 8 theoretienl €=V curve one needs val-
ves of {Cgolyp, the theoretieal value of the semicon-
ductor space churge capacitance, where (14)

. \1/2 U,

tp 1wt
Cyadr = M5 ity o
AT

with

o B
Uy = Sop (11)
%y 18 the semlconductor surface potential at the dif-
fused face, The values of {(Cg.)r obtained from vqua-
tion (10) are substituted into equatlon {5) to obtain a
culeulated value for Cy. Since equation (10) does not
Inelude the response of interface rates to che we fre-
quency (Cye)pr 18 Independent of these effects. Hence,
in the absence of such response, the measured C~V curve
should have the ssme shape as the calculated curve.
This 1y seen to be the case in figure ¥, The displace-
ment between the two curves 48 due to the de regponsc
of fixed surface and oxide charge (2).

The validity of the method used to obtuln N is
dependent on the validity of the depletion approxima-
tion (9, 10). 1In order to test the depletion aswunmp-
tion, Qgu, the charge in the semiconductor space charge
reglon 18 caleulated using (14);

Que = F(Wegkr)l/2

x[(%i‘-)z (Q'UH + Uy - J.) + 6,»“8 - u, - )]”2 (12}

Hhere Q is positive or negative depending on
B¢

whather v, 1is negative or positive, respectively. The

“ileulated curve 15 shown in figure 8. Algo shoim is
c¢ha range covered by the present C-V data, where use has
baen made of the standard velation between applied volt-
age and surface potential {(15). Examination of figure B
shows that Q. varles as &512 over the range covered
by the -V data. This is the behavior expected when the
space charge regilon is in depletion and weak inver-

sion (16). In the present case, the depletion region
wxtends frem g = 0 (Flat Band), to ¢g = -0.52 volt.
The latter surface potential corresponds to an applied
voltage af ~8.5 voles. Hence the linear portion of the
Chf vs V plet ldes almost entir=ly in the depletion
region. Thus, it is demonstrated that the measured C-V
ctirve behaves !n accordance with YOS €=V theory and

that che assunptiens neccisary for the validity of equa=-
tion (2} are satisfied.

CONCLUSIOR

Because of the vanconventlopul configuration used,
consideration has been given to showing that the data
behaves in accordance with MUE C-V theory. In addie
tion it 1 found that the obmerved data lie largely in
the depletion region of the semiconductor spacc charge
layer, Furchermore, it is -ontluded that despite the
high depent copcentracion e MDS C-V vechtlque ylelds
useful information regarding the diffused surface of
the selar cell.

This rvesearch represents the first guccessful ap-
plication of the MOE C-V technique in obealning infor-
mation regarding the leavily doped, diffused face, of a
gilicon solar cell. For the cell investizoted, it is
found that Uy, the density of charge in surfsecc and
oxide states, hes the value 2.1x10L3 cu~2 and that the
impurities concentration N has the valua 2.9x10 v
cw=d at a minimum distance of 10 X from the diffused
surface. This is sufficiently close thay N 4is con=-
gidered 8 surface pargmeter. Additional oxperimenta-
tien is required in order to sepavate the surface and
oxide components from MNg. The surface component is
dirvectly related to strface recombinution velocity (17)
and would be useful when attempting to relate mussure-
able surface paramcters to polar cell efficiencies.
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