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SUMMARY

A first-order analysis of HLE cells is presented for both beginning-of-Tife
(BOL) and end-of-1ife (EOL) conditions. Based on this analysis and on experi-
mentally observed values for material parameters, we present design approaches
for both space and terrestrial cells. The approaches result in specification
of doping levels, junction depths and surface conditions. The proposed struc-
tures are projected to have both high VOC and high JSC’ and consequently high n.

1. INTRODUCTION

The purpose of this paper is to discuss design approaches for silicon HLE
solar cells. Design of cells for radiation and terrestrial environments are
considered. Two main types of HLE cells receive attention: (a) the oxide-
charge-induced (0CI) HLE cell, and (b) a new HLE cell having a wide p-epitaxial
emitter for which the appropriate choices of emitter width and doping levels in
the emitter and base are made to yield both high VOC and high JSC'

SYMBOLS
Da ambipolar diffusivity (cmz/sec) )
D> Dp electron and hole diffusiv;ties (cm™/sec)
Qq oxide charge density (C/cm”)
JSC short circuit current density (A/cm2) | )
Jno? JpO dark electron and hole saturation current density (A/cm”)
Ln’ Lp electron and hole diffusion length (cm) ;
An,Ap excess electron and hole concentration (cm °)

*This work was supported by NASA Grant NSG-3018.
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n intrinsic carrier concentration (cm'3)

ns’Ps electron and hole surface concentration (cm"3)

ns(QO) oxide charge dependent electron surface concentration
(cn™)

NDD’ NED donor concentration in n and n+ material (cm'3)

NAA’ NKA acceptor concentration in p and p+ material (cm_s),

q electronic charge (Coulombs)

Sp hole surface recombination velocity (cm/sec)

Seff effective surface recombination velocity (cm/sec)

T temperature (°C,°K)

Vo applied voltage (Volts)

VOC open circuit voltage (Volts)

(VOC)B’ (VOC)E open circuit voltage established by base and emitter
(Volts)

We emitter thickness (cm)

Xj junction depth (cm)

0 resistivity (2 cm)

Tn,Tp lifetime of minority e]ictrons and holes (sec)

p, pt associated with p and p region

n, n* associated with n and n+ region

BOL beginning-of-1ife

EOL end-of-1ife

E, B associated with emitter and base

IT. OCI-HLE CELL

Fig. 1(a) shows the cross-section of an OCI silicon HLE solar cell. The
principles of operation of this cell, which have previously been discussed [1]
are illustrated in Figs. 1(a) and 1(b). A positive charge Qe achieved by suit-
able heat treatment [2,3], induces an electron accumulation and an electric
field near the silicon surface which reduces the effective surface recombination

velocity for holes Se to (4]

ff

S (1)
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By solving the hole continuity equation for the desired case, W_. < Lp, and Tow

E
injection, one determines the hole saturation current JPO to be [4]

W

E
qn1.2 Seff+ T

Jpo * § o (2)

DD 1+ eff

D /W

p''E

in which the first term in the numerator accounts for hole recombination at the
surface and the second term accounts for hole recombination in the bulk. The

current J 0 must be small if high VOC is to result.

P

2.1 Beginning of 1life - (BOL) Design

For BOL, our experiments [11 show that Sp < 104 cm/sec can result from the
presence of the 5102 layer on the illuminated surface. For a wide range of
doping levels Nop» the term WE/Tp in (2) can be made negligib]e, and the diffu-
sion velocity Dp/wE will typiza]]y be of the order of 10" cm/sec. Thus, if Seff
can be made much Tess than 10" cm/sec, then (2) reduces to

qn2 S

i 2

Jon &= m— S __=~qgnt B (3)
PO NDD eff T ng

which also holds for high injection provided Da/wE and WE/(Tn+Tp) are both small

compared with (S = (ni/ns) exp qVA/ZkT, as can be shown by

eff)high injection
solving the ambipolar transport equation for high injection [51. To show that
Seff < 104 cm/sec is possible, we indicate in Fig. 2, for different values of
NDD and QO, the resulting values of ng and Seff‘ The functional dependence
nS(QO) is found from standard MOS theory [6].

Because Seff can be small, we consider now the value of JPO for the Timit-
ing case Seff = 0, Fig. 1(b) shows the minority hole density in the dark cell,
resulting from an applied voltage, for the desired condition, Lp > WE:

Jo = qn? Wo(NosT )—] (4)
PO i "EVDDp
To estimate Jpg, we use the empirical data of Kendall [71, which gives, for

New > 5 x 1076em™3 |

DD 2

12
TN

o' 'DD ~ 3 x 10

sec cm S (5)
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Thus, at T = 25°C,

N -12
Jpo = T x 107 g (6)

. Thus, if JSC =~ 35 mA/cmz(AMO), which was seen in OCI-HLE cells, the open-circuit
voltage Timit, (VOC)E = kT/q Zn(JSC/Jpo), established by the emitter current J
is, for example, 800 mV, 780 mV, and 718 mV for NE = 2 um, 5 um, and 50 um,

respectively, independent of Nop (provided low-injection levels are maintained).
From a design viewpoint, this demonstrates that (VOC)E > 700 mV can be achieved
for a wide variety of choices of NDD and NE provided only that Lp > W

p0

£
2.2 End-of-Life (EOL) Design

Radiation damage increase Sp and QO[8]; it will also reduce Tp[9,]0]. As
a design approach, we choose WE small compared with anticipated degraded diffu-
sion length to minimize bulk recombination; that is, we require wE < Lp (after
irradiation). Then (2) still applies, and JpO is determined by the velocities
Seff’ WE/Tp, and Dp/wE. As a worst-case limit, we consider the case Seff = o,

Then the transit time tt for holes to cross the emitter is

t, = wg/sz (7)
which, for example, is of the order of 10_9sec for wE = 2 um. Thus,if Tp after
irradiation is larger than 10'9 sec, the emitter will be transparent to holes
and (2) reduces to

(8)

Cu
fl
]
mzl_ccj

This worst-case dependence suggests that NDD should be large enough, both
to assure small lateral series resistance and to decrease JpO’ but small enough
to avoid heavy-doping degradation. For example, consider a design with
3. For T = 25°C and ¢, = 25 mA/en”,

(VOC)E > 640 mV. For electron fluences up t0210]5 cm'z, JSC ~ 25 mA/cm2 is
expected if prior to radiation J c = 35 mA/cm—[10].

18
wE = 2 um, and NDD =107 cm

S

2.3 Examples of VOC established by the emitter for BOL and EOL

We have previously discussed (VOC)E for two Timiting cases: S = 0,

eff
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which corresponds to the BOL condition, and Seff = o, which corresponds to the
EOL condition. We now remove these limiting-case assumptions by considering
intermediate values of Seff’ as determined by (1) and the condition that
103 cm/sec < Sp < 10" cm/sec. The Tower bound on Sp is easily achieved, as is
indicated by our experiments for a surface passivated by 3102 (11.  The upper
bound is a theoretical Timit for a silicon surface [11].

In Fig. 3 we plot (VOC)E as a function of Sp for two values of emitter

widths wE = 2.5 uym and 15 pym and for emitter doping densities of NDD = 1017 cm'3

and 10]8 cm-3. Three values of oxide charge densities are considered:

(a)’QO/q =4 x 10H cm'z, which is the order of magnitude obtained in thermally
grown dry oxides followed by oxygen heat treatment at about 700 C [2,3] before
the irradiation; and Qo/q =1 x 10'2 cm_2 and 5 x 10']2 cm_3, which is the range
of values expected after irradiation [8]1. As shown in Fig. 3 for BOL with

S = 103 cm/sec, the emitter recombination is no barrier for achieving

(VOC)E 2> 700 mV for variety of emitter doping levels and thicknesses. After
irradiation, for EOL, Sp is exgected to increase significantly [8]1, but will not
be larger than the order of 10" cm/sec [111. But Qo/q will also increase, as
mentioned above, which will increase ng [61, and Seff = NDD Sp/nS (QO) will
depend on the ratio Sp/ns (QO) after the irradiation. It follows from Fig. 3,
consistent with our previous worst-case calculation, that (VOC)E > 650 mV is
still possible at EQOL, jf NE < (Lp)EOL‘

2.4 VOC established by the base for BOL and EOL
As shown in Fig. 1(b) for the dark case with applied voltage Vg, the quasi-
neutral saturation current JO in low injection, neglecting heavy-doping effects
(121, 1is JO = JpO + JnO’ and the base saturation current is

0y (9)
J = 9
no NAALn
To minimize JnO’ note that, for NAA 3 1017 cm—3, Dn/NAALn is a decreasing

function of NDD[13], provided heavy doping effects are negligible. As a result,
the open-circuit voltage Timited by the base (VOC)B is an increasing function

19 -3
of N (pbase

pp Until Ny, = 1077 cm =~ 0.01 Qcm) which is a doping level at which
the heavy doping effects in p-type material become important [12], as shown in
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Fig. 4. The broken 1line in Fig. 4 shows an experimental dependence of VOC on
NAA (141 which peaks at NAA ~ 5 X 10]7 cm'3. This is a result of the increasing
importance of the emitter current JpO’ for base dopings larger than about

17 -3 '
5x 10" cm

by an HLE structure such as that present in the proposed device.

, in conventional cell where the emitter current is not suppressed

3. Design concepts for space and terrestrial applications

Based on the foregoing analysis we present design concepts for two different
types of space cells and for.a terrestrial cell.
1) n'-n-p OCI-HLE (diffused HLE) space cell

Fig. 5 shows a cell designed for space applications. The p-type base dop-
17

ing is Npyp= 5 x 10
gives Ln in a range of 85-150 ym in a finished cell [15;. This long diffusion
length, which will assure collection of most of the generated minority electrons,

provides a high vatue of the short circuit current JSC} The epitaxial emitter
is narrow, about 2 ym, and highly doped, NDD e 1017 to 10]8 cm°3
series resistance. The thinness of the emitter offsets, to a Targe degree, the
effects of significant degradation of Tifetime in the n-type material after the

irradiation [93. The H-L emitter junction can be achieved using either 0CI

(p =~ 0.1 Qcm) which appears to be an optimum value which

, to assure Tow

induced or diffused nt layer [167.
The following conclusions about this structure can be made based on the
discussion in the previous sections:
a) (VOC)E > 650 mV at EOL, if t, < (Tp oL
b) (VOC)B at EOL will depend on the radiation damage {10]. Since the
base is the same as in the conventional n on p cell, results obtained
for the conventional cell radiation damage [107 also apply here.

¢)  (gedggL = (gc)conventional + (Jge)p

base v
d) F?r an O?I %tructure, Seff o NDD Sp/ns, where both S_ and n, increase
with radiation, thus tending to keep Seff Tow. Seff controls (JSC)E

and J_n.
p0
e) For BOL, with Sp o 103 cm/sec, (VOC)E > 700 mV, and (VOC)B depends on
minimizing Dn/Ln NAA' (VOC)B of the order of 700 mV can be expected

for Phase = 0.1 qcm with Ln > 75 um.
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For Q,/q > 1012 cm_z, heavy doping effects in the accumulation Tayer
0

may become important [Fig. 2]. However, since the accumulation Tayer
is very narrow, these effects are expected to be very small [177.

A structure with a diffused n+—region offers Tlarger flexibility in
choosing NDD because of the low shunting resistance of the n+—d1ffused
layer.

2) A wide-emitter p+—p-n+ space cell

We propose a new silicon solar cell structure [18] which is projected to

have both high J

SC(45 mA/cmZ) and high VOC(7OO mV) and consequently high n

(20%, AMO). The new structure is projected to have good performance in radia-

tion as well as non-radiation environments.

The structure is shown in Fig. 6. The qualitative sketches showing the

minority carrier distributions in Fig. 1 are valid for this case, too, with

hole and electron profiles reversed.

We emphasize some special features of this structure:

a)

The surface is passivated with S1'02 on top of which a suitable antire-
flection (AR) coating is deposited. The H-L emitter junction is
achieved by a thin (~0.1 um) p+—d1ffused Tayer resulting in [4]

N
~ AA
eff S iy (10)
AA’eff
is the effective doping in the p+-diffused

at the surface. An electron recombination

where (NZA)eff = 12;9 cm;3
Tayer for NEA ~ 10°7 em”
velocity at the S1’-S1'02 interface on the order of]1703 ?g less can be
easily achieved [1]1. Therefore, for NAA =5x10" cm ", Seff is of
the order of 10 cm/sec or less; thus Seff = 0 is a reasonable approxi-
mation.

As a result of Seff =~ (0, and the choice of a 50 um wide emitter region,
about 90% [19]1 of all available optically generated minority electrons
will be collected. Using a 5% loss AR coating and 4% metal coverage
the projected AMO JSC

region from which the JSC is collected due to smaller sensitivity to

= 45 mA/cmZ. P-type material is chosen as a

the radiation than seen in n-type material [9].
The doping Tevel in the n-base is optimized to be about 10]8 cm_3,

which is the onset Tevel for heavy-doping effects [17]1. The doping
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level in the emitter (v5 x 1017 cm-3) is chosen to minimize Ny, [131.

Using published data for lifetimes for holes and electrons (7,131, we
can calculate by use of Egs. (2) and (9), for structure shown in

Fig. 6, that the saturation current J, S7x10 18 A/cmz, implying

OC =~ 700 mV for JSC = 45 mA/cm2 at 259C, and implying n = 20% AMO.
Significant differences exist between this new cell and a previously
proposed epitaxial p+-p—n cell [207; these are discussed in detail in
Ref. 18.

An alternative related structure (p+-p—n-n+) can be made, which employs
an n-n" low-high junction back-surface-field base [47. This structure
will have higher JSC at BOL due to improved collection of minority
holes from the n-region of the base.

n+—n—p OCI-HLE terrestrial cell (Fig. 1)

There are two approaches to minimize the base current in this cell, Fig 7:

a)

Choose Pbase = 0.1 qcm (NAA ~ 5 x 1017 cm_3). In this case L Y 70 um
is required for (VOC)B ~ 700 mV(250C and JSC = 35 mA/cm ) Such values
for Ln can be achieved in finished cells using a Tow temperature fab-

rication process [13,157. Epitaxial growth of the emitter and a high-
temperature oxidation required for low Sp[1] may decrease Ln below the

70 um; this would result in (V < 700 mV. The largest VOC seen

)
0C'B
experimentally for a cell with Phase = 0.1 qcm is 643 mV AMO, at 25°C.

18 1019C 3)

base. Note that for NAA 5 X 10] 3, for example, Ln =~ 2 ym is

A second approach is to use a highly doped p-type (5 x 10

sufficient to achieve (V OC)B of 700 mV. Such values are expected even
after the high-temperature fabrication steps. 1In this second approach,
WE ~ 50 um, since the base will contribute negligibly to JSC' Such a
wide emitter is required to collect about 90% of generated minority
holes. In approach (a), wE can range from about 10 to 50 pym. The
largest V.. seen experimentally for a cell with p = 0.024 Qcm
0C 18 3 o base

(NAA = 2.5 x 10 ) is 647 mV AMO, at 25 C.
Emitter doping can be chosen from range of about 5 x 10

17 —3
about 5 x 10 .

Te cm—3 to
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CONCLUDING REMARKS

First order analysis of HLE solar cells for BOL and EOL conditions is
presented. Based on this analysis and on experimentally measured material para-
meters, design concepts for both space and terrestrial cells are discussed.

The proposed structures include: n+-n-p OCI-HLE space cell, wide emitter
p+—p—n+ space cell, and n+—n-p OCI-HLE terrestrial cell . A1l structures are

and J...

projected to yield both high VOC sC
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