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In this paper we quantify the constraints and opportunities for radial junction nanowire solar cells,

compared to single junction and multijunction solar cells, when light trapping is included. Both

nanowire and multijunction designs are reliant on a very low level of traps in the junction region,

and without this, single junction designs are optimal. If low trap density at the junction can be

achieved, multijunction cells lead to higher efficiencies than nanowire cells for a given diffusion

length, except in the case of submicron diffusion lengths. Thus the radial junction structure is not

in itself an advantage in general, though if nanowires allow faster deposition or better light

trapping than other structures they could still prove advantageous. VC 2011 American Institute of
Physics. [doi:10.1063/1.3579420]

INTRODUCTION

Nanowire solar cells have recently been the subject of a

great deal of investigation. In particular, it has been shown

that nanowires can lead to excellent light trapping,1–3 high

minority carrier diffusion lengths,4 and the ability to detach

the nanowire structure from the growth substrate.5 Kelzen-

berg et al. have shown for nanowire arrays with a packing

fraction around 5% that close to Lambertian absorption for

an equivalent thickness silicon layer can be achieved.1 Gar-

nett and Yang have demonstrated path length enhancements

of 73 for normal incidence for silicon nanowire arrays on

silicon substrates.2 Kapadia et al. have performed device

modeling showing that efficiencies of 20% may be possible

with CdS/CdTe nanowire solar cells,6 and promising experi-

mental cell efficiencies have been reported for silicon,7,8

III-nitrides,9 and for Si/GaN heterojunctions.10

A related device concept to the nanowire solar cell is the

multijunction solar cell.11 The multijunction solar cell con-

sists of a number of parallel p-n junctions, with a thickness

less than the minority carrier diffusion length of the semicon-

ductor. As with the radial junction nanowire solar cell, this

allows efficient carrier collection and hence high short circuit

currents for low diffusion lengths. (Note that in the multi-

junction cells we consider here that all the layers within the

device have the same bandgap, unlike in tandem solar cells

which are sometimes also referred to as multijunction cells).

Both the multijunction and nanowire geometry have higher

junction recombination due to the increased junction area,

hence a low trap density at the interface is crucial for high

efficiencies.12–14 Kayes et al. have modeled radial junction

nanowire cells compared to single junction cells, neglecting

light trapping.14 They found a substantial benefit to the nano-

wire geometry, provided that a low density of traps in the

junction region can be achieved. However, Stocks found

that, although multijunction solar cells have an advantage

over single junction cells when there is no light trapping,

when light trapping is included, multijunction cells perform

worse than single junction cells.12 This comparison was

made for the case without a reduced trap density at the

interface.

In this paper we compare nanowire, single junction, and

multijunction solar cells, taking into account light trapping,

for the cases with and without reduced traps at the interface.

In doing so, we determine whether there is an intrinsic

advantage to the radial nanowire geometry over planar cells.

The model involves the calculation of generation for

either a single pass across the device or for an analytical

approximation to Lambertian light trapping. This is used

with analytical expressions for the collection probabilities to

calculate the short-circuit current density. Combined with

analytical expressions for the recombination current den-

sities, this allows for the calculation of the J-V curve, and

hence the efficiency of each type of device. Figure 1 shows

the modeled structures.

In calculating the generation in the device, reflection

from the front surface is neglected. For the case without light

trapping, it is assume that the light travels a single pass

across the device i.e., the absorption A is given by

AðkÞ ¼ 1� expð�afareaWÞ; (1)

where a is the absorption coefficient, W is the thickness of

the device or the length of the nanowires, and farea is the area

fraction of the nanowires (farea¼ 1 for the other types of

devices). For nanowires (both the single pass and Lambertian

cases), we assume that all incident light is intercepted

regardless of the area fraction of the nanowires, and that the

absorption depends on the effective thickness fareaW. This is

consistent with the experimental results of Kelzenberg et al.
for light trapping with nanowire arrays.1 For the case includ-

ing light trapping, Lambertian (ergodic) light trapping is

assumed i.e., isotropic distribution of the incident light.15

This is a standard comparison case for evaluating light
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trapping schemes, and while it can be exceeded for normal

incidence for a number of cases16 it has recently been shown

that this can only be exceeded for isotropic incidence in very

special cases.17 We use the analytical expressions for Lam-

bertian light trapping given by Ref. 18

AðkÞ ¼ 1� RbTþT�

1� Rf TþT�
: (2)

where Rb is the reflectance at the rear reflector, Rf is the re-

flectance of the internal upward flux from the front surface,

Tþ is the downward flux transmitted to the rear surface, and

T� is the fraction of light reflected from the rear that is trans-

mitted to the front surface. For Lambertian light trapping we

assume zero loss in the rear reflector i.e., Rb ¼ 1, and iso-

tropic distribution of light into the available modes of a bulk

device, so that Rf ¼ 1� 1=n2. We also assume randomiza-

tion of light at both front and rear surfaces, so that

Tþ ¼ T� ¼ T. For this case, an effective optical thickness

Wop can be defined as T ¼ expð�aWopÞ and it can be shown

that Wop can be described by a relationship of the form

Wop=W ¼ ð2þ xÞ=ð1þ xÞ. The full expressions for T require

the evaluation of an infinite series, but a very good approxi-

mation can be obtained by using x ¼ aðaWÞb with a¼ 0.935

and b¼ 0.67.18 The total generation was then calculated by

multiplying the wavelength dependent absorption by the

photon flux for the AM1.5G spectrum, and integrating over

the wavelength range of 300–1300 nm. In order to obtain an

analytical expression for the generation for various device

thicknesses, the generation for silicon thicknesses of 0.5, 1,

2, 5, 10, 20, 50, and 100 lm was fitted to a third-degree poly-

nomial as a function of log( farea W). We also investigate the

case of better than Lambertian light trapping, by reducing

the light that escapes from the device by setting

Rf ¼ 1� 1=ð2n2Þ. This has the effect of increasing the path

length enhancement in the case of weak absorption by a fac-

tor of 2, from about 4n2 � 50 for a high index material like

silicon, to 8n2 �100.

For nanowires, the collection probabilities were

obtained (after some simplification) from Ref. 14

Cp ¼
2L2

n

L2
p

b5

b2
1

I1ðb5Þ
I0ðb5Þ

; (3)

Cn ¼
2b2

b2
1

I1ðb1ÞK1ðb2Þ � K1ðb1ÞI1ðb2Þ
I1ðb1ÞK0ðb2Þ þ K1ðb1ÞI0ðb2Þ

� �
; (4)

where In(x) and Kn(x) with n¼ 0 or 1 are modified Bessel

functions of the first or second kind. The other parameters

are given by b1 ¼ R=Lp, b2 ¼ ðR� xnÞ=Lp, and b5 ¼ xp=Ln.

Here, R is the radius of the nanowire, Ln and Lp are the mi-

nority carrier diffusion lengths, and xp and xn are the thick-

nesses of the p-type and n-type regions, excluding the

depletion region. The numbering for b has been chosen to be

consistent with Ref. 14.

For the single junction, the collection probabilities for

the p-type region of each are given by (cf., Ref. 12)

Cp ¼
xp

W

� � Ln

W

� �
tanh

xp

Ln

� �
; (5)

with a corresponding equation for the n-type region. For the

multijunction case, with m layers in the device, the collection

probability for the p-type layers bounded by two junctions is

given by (cf., Ref. 12)

Cp ¼
ðm� 2Þxp

2W

� �
2Ln

W

� �
tanh

xp

2Ln

� �
; (6)

again with a corresponding equation for the n-type region.

The collection probability for the outermost layers of the

multijunction device is given by Eq. (5) and the correspond-

ing n-type equation, except that the thickness for the outer-

most layers was set to half the thickness of the other layers.

It was assumed in each case that all carriers in the depletion

region are collected. Note that in all cases, the collection

probabilities have been normalized so that if all carriers are

collected, the sum of all the collection probabilities across

each region would equal 1.

For the single junction and multijunction cases, the

thicknesses of the n-type and p-type regions (neglecting the

depletion region) were set so that the collection probability

for each region type was approximately equal. For the nano-

wire case, the radius R was set to equal Ln, which has previ-

ously been found to be close to optimal.14

In writing the above equations, we have assumed zero

surface recombination. For nanowires, we show later that as

long as the surface recombination velocity, S, is less than

1000 cm/s, the effect on efficiency is negligible for minority

carrier diffusion lengths of 1 and 10 lm. This is also the case

for single junctions and multijunctions.12 It has also been

shown that excellent surface passivation (S¼ 20 cm/s) can

be achieved with nanowires.19

The device equations in each case are given by

J ¼ �Jsc þ farea ðJB;n þ JB;pÞ exp
qV

kT

� �
þ Jdep

� �
(7)

where farea¼ 1 for the single junction and multijunction

cases, and is varied for the nanowire case to reflect the

reduced contribution to recombination for reduced area cov-

erage of nanowires. As previously noted, in the case of

reduced area fraction the generation for nanowires was cal-

culated for the effective thickness of the nanowires, given by

the length of the nanowires multiplied by the area fraction.

The short-circuit current was calculated by multiplying

the total generation by the sum of the carrier collection prob-

abilities over each region. That is, it was assumed that gener-

ation was distributed uniformly over the device. The

FIG. 1. (Color online) Structures modeled: (a) single junction cell, (b) mul-

tijunction cell, and (c) nanowire cell.
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advantage of the assumption of uniform generation is that it

allows an analytical approach to be taken. Non-uniform gen-

eration would lead to higher levels of generation and recom-

bination near the front of the device. This is discussed

further at the end of this section.

For the single junction and multijunction cases, the

equations for the bulk recombination current in the p-type

region were12

JB;p ¼
qDnn2

i

LnNA
tanh

xp

Ln
ðsingle junctionÞ; (8)

JB;p ¼
qDnn2

i

LnNA

ðm� 2Þ
2

tanh
xp

Ln
þ tanh

xp

2Ln

� �
ðmulti-junctionÞ;

(9)

with corresponding expressions for the n-type region. For the

nanowire case the equations were14

JB;p ¼
2qDnn2

i W

L2
pNA

b5

b2
1

I1ðb5Þ
I0ðb5Þ

; (10)

JB;n ¼
2qDpn2

i W

L2
nND

b2

b2
1

I1ðb1ÞK1ðb2Þ � K1ðb1ÞI1ðb2Þ
I1ðb1ÞK0ðb2Þ þ K1ðb1ÞI0ðb2Þ

� �
: (11)

For the single junction case, recombination within the deple-

tion region was given by12

Jdep ¼
qniWffiffiffiffiffiffiffiffiffiffiffiffi
sp0sn0
p j sinh qV=2kTð Þ; (12)

where j ¼ ðpkTÞ= qðVbi � VÞ½ �, and where it has been

assumed that traps are near midgap. For the multijunction case

this was multiplied by the number of junctions. For a normal

level of traps within the depletion region, the minority carrier

lifetimes within the depletion region were given by sn0

¼ sn=ð1þ CÞ and sp0 ¼ sp=ð1þ CÞ, using the trap-assisted

tunneling model of Hurkx,20 with C ¼ 2
ffiffiffi
3
p
ð Fj j=FCÞ exp

½ð Fj j=FCÞ2�, FC ¼ ð2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24m�ðkTÞ3

q
Þ=ðqhÞ, m� ¼ 0:25me, and

F ¼ ð1:5063� 10�6ÞqNd=en. The case of a low level of traps

within the depletion region was also modeled, for which it was

assumed that sn0 ¼ sp0 ¼ 1 ls.

For the nanowires case the corresponding equation is14

Jdep ¼
qniWffiffiffiffiffiffiffiffiffiffiffiffi
sn0sp0
p

r2
2 � r2

1

R2
sinh

qV

2kT

� �
; (13)

where r1 ¼ r � jxdep=2 and r2 ¼ r þ jxdep=2, with xdep as

the thickness of the depletion region and

r ¼ xp þ
logðNa=nipÞ

log ðNaNdÞ=ðnipninÞ
	 
 xdep: (14)

Table I lists the parameters and additional equations used in

the model. In the model, the minority carrier diffusion length

in the p-type region, Ln, was varied. The minority carrier

lifetimes in the n-type and p-type regions were set to be

equal i.e., sn ¼ sp, and the minority carrier diffusion length

in the n-type region, Lp, was then calculated from

sp ¼ L2
p=Dp.

For multijunction structures, it was assumed that there

are the same number of p-type layers as n-type layers, and

the number of layers was then optimized for the Lambertian

case with an upper limit of ten layers.

The model was verified by comparing it with the results

of Kayes et al. for the single junction and nanowire cases

without light trapping, and with Stocks et al. for the cases of

single junction and multijunction cells with light trapping.

For the comparison with Kayes et al., surface recombination

was included to allow a more direct comparison, since ana-

lytical expressions that include surface recombination are

available for these cases. The efficiencies were compared for

a range of diffusion lengths from 0.1 to 10 lm, along with a

normal and low level of traps in the junction, and very good

agreement was obtained. The only significant difference was

for the efficiencies of very thick single junction cells, where

lower efficiencies were calculated compared to the results of

Kayes et al. This was due to a reduced collection probability

for the uniform generation assumed in this model, compared

with generation closer to the junction, as used by Kayes

et al. The agreement between the model and the results of

Kayes et al. indicates that the assumption of uniform genera-

tion does not make a significant difference except in the case

of thick single junction cells, which in any case have low

collection probabilities for the minority carrier lengths con-

sidered here. The comparison with the results of Stocks et al.
for single junction and multijunction cells including light

trapping also showed excellent agreement.

In the simulations, the efficiency of each type of solar

cell was calculated as a function of thickness for a number of

different cases: for given minority carrier diffusion lengths,

light trapping regimes, area fraction of nanowires, and high

or low interface traps.

Figure 2(a) shows efficiency versus thickness for each

type of cell when full coverage of nanowires is assumed

(farea¼ 100%) and there is a normal level of traps in the junc-

tion region, for Ln¼ 1 lm. We can see that the maximum ef-

ficiency for nanowires is lower than that for multijunction or

single junction cells if light-trapping is taken into account.

This was also found to be the case for Ln¼ 10 lm, with a

larger relative advantage for single junction and

TABLE I. Additional parameters and equations used in the modeling.

Parameter/equation Value

ND, NA ND¼NA¼ 1� 1018 cm�3

Bandgap narrowing n-type DEg ¼ Cd logðN=ND0Þ
Cd 13.9 meV

ND0 1.3� 1017 cm�3

Bandgap narrowing p-type DEg ¼ Ca logðN=NA0Þ
Ca 17.8 meV

NA0 2.3� 1017 cm�3

Diffusivity Dn ¼ ðkT=qÞln, Dp ¼ ðkT=qÞlp

mp 95 cm2 V�1 s�1

mn 270 cm2 V�1 s�1
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multijunction cells in this case. The relatively lower maxi-

mum efficiency in Fig. 2(a) is due to increased recombina-

tion in the junction region for the nanowires case compared

to the other cases.

Figure 2(b) shows the same plots for a 5% area fraction

of nanowires. In this case, the maximum efficiency for the

nanowire case has shifted to a higher thickness. Reducing

the area fraction decreases the junction recombination at a

given thickness, leading to higher efficiencies at greater

thicknesses, as compared with Fig. 2(a).

However, the maximum efficiency in Fig. 2(b) of 10.5%

at a nanowire length of 30 lm is the same as the maximum

efficiency in Fig. 2(a) at a nanowire length of 1.5 lm. This is

because the junction recombination is proportional to farea

and to the length of the nanowire W, so the junction recombi-

nation for the case of 5% area fraction and length, W, is the

same as the junction recombination for the case of 100%

area fraction and length 0.05W. Since the generation depends

also on the effective thickness¼ fareaW¼ 0.05W in each

case, the efficiency for reduced area fraction of nanowires is

shifted with respect to thickness, but does not increase over-

all. In practice, light trapping may improve for longer

nanowires,2 which would lead to an advantage in reduced

area fractions, but the efficiencies would still be lower than

for single junction or multijunction cells for a normal level

of traps. For Ln¼ 10 lm with Lambertian light trapping (not

shown), the efficiency of nanowires is still slightly lower

(18.7%) than the single junction (20.2%) or multijunction

cases (20.4% with m¼ 4) for 5% area fraction and a normal

level of traps.

Figure 3 shows efficiency versus thickness for the three

cell types for 5% area coverage when there is a low level of

traps in the junction region. In this case, the nanowire and

multijunction structures have a significant efficiency advant-

age over the single junction structure. However, the multi-

junction has the highest overall efficiency. In Fig. 3 the

multijunction case uses ten layers, but the maximum effi-

ciency of the multijunction case is as high as or higher than

the nanowire case for four or more layers. From Fig. 3, it can

also be seen that the maximum efficiency for the nanowire

structure occurs at a height of over 30 lm, whereas the maxi-

mum efficiency for the multijunction structure occurs for a

thickness of 2–3 lm. This would suggest that deposition

times would be lower for multijunction structures than for

nanowire structures for a given deposition rate. (Since most

nanowire structures are grown by a catalytic growth under a

metal nanoparticle, growth time is proportional to height

rather than volume). As shown in Fig. 2, it would be possible

to reduce the nanowire height required by increasing the

nanowire density. However, the overall efficiency advantage

of about 0.8% for the multijunction structure from Fig. 3

would be maintained. The increased efficiency of the multi-

junction structure compared to the nanowire structure shows

that a moderate rather than a large increase in junction area

is desirable for improving the overall device efficiency for

diffusion lengths around 1 lm (again assuming that a low

trap density at the junction is achieved).

Figure 3 also includes the cases of above Lambertian

light trapping (dotted lines). This shows that the efficiency

advantage to be gained from above Lambertian light trapping

is relatively small. In practice, above Lambertian light

FIG. 2. (Color online) Efficiency vs thickness for the different types of cells

for Ln¼ 1 lm and a normal level of traps in the junction region. For this

case, the optimal value of m for the multijunction cell, including Lambertian

light trapping, was 4. Solid lines are for no light trapping; dashed lines are

for Lambertian light trapping. (a) Case of 100% area fraction of nanowires.

(b) Case of 5% area fraction of nanowires.

FIG. 3. (Color online) Efficiency vs thickness for the different types of cells

for a low level of traps in the junction region. The other parameters were

Ln¼ 1 lm, 5% area fraction, m¼ 10. Solid lines are for no light trapping;

dashed lines are for Lambertian light trapping; dotted lines are for above

Lambertian light trapping.
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trapping in a device is likely to be difficult to achieve because

along with excellent light confinement it also requires

extremely low losses due to, for example, the contacts and

free carrier absorption in the semiconductor layers.21

For Ln¼ 10 lm with Lambertian light trapping and a

low level of traps (not shown), the maximum efficiency of

nanowires is lower (19.3%) than the single junction (20.6%)

or multijunction cases (21.3% with m¼ 4).

Figure 4 shows the efficiency versus thickness for the

case of Ln¼ 0.1 lm, with a 5% area fraction of nanowires. In

this case nanowires have an advantage. For a low level of

traps and Ln¼ 0.1 lm, nanowires have substantially higher

efficiency than multijunction cells for m¼ 10. The efficien-

cies are similar for m¼ 16 (not shown), but such a large

number of layers may be impractical. Silicon nanowires

have already demonstrated diffusion lengths of 2–10 lm, so

this case is of less interest for silicon. However, it may be an

interesting structure for novel materials such as the earth

abundant semiconductors, e.g., CuO, which have very low

diffusion lengths. This would require low levels of traps at

the junction to be achieved for these materials. Nanowires

are also more efficient than the single junction or multijunc-

tion structures for Ln¼ 0.1 lm and a normal level of traps

(not shown), but in this case the maximum efficiency is very

low (3% with light trapping). For light trapping the photonic

properties of the nanowires would need to be maintained i.e.,

it would be necessary that the nanowires can support con-

fined optical modes at the wavelengths required. This would

probably require nanowire diameters of at least half the

wavelength of light within the nanowire, i.e., at least k/(2n)

� 150 nm.

Surface recombination has not been included in this

analysis in order to retain a simple analytical approach.

However, it has been shown that, provided a reasonable level

of surface passivation is achieved (S< 1000 cm/s), surface

passivation has a negligible effect on the efficiency for the

planar and multijunction cases.12 We have calculated

the effect of surface recombination for the nanowires case

without light trapping, and the same conclusion holds with a

maximum efficiency loss of 0.02% when S¼ 1000 cm/s for

Ln¼ 1 lm and 0.2% when Ln¼ 10 lm. Therefore neglecting

surface recombination is a valid assumption for the struc-

tures considered here.

The main advantages of the nanowire structure would

be high optical absorption and possibly fast deposition. The

radial junction structure is not in itself an advantage, except

in the case of very low diffusion lengths and low traps at the

junction. Therefore, for relatively large diffusion lengths,

nonradial structures should also be considered, although in

this case surface recombination will be a critical

consideration.

For a normal level of traps, there is no efficiency advant-

age for a nanowire cell over a single junction cell, for minor-

ity carrier diffusion lengths of 1–10 lm, assuming

Lambertian light trapping, regardless of the packing fraction.

For a low level of traps, nanowires have an advantage over

single junction cells for Ln¼ 1 lm, but multijunction cells

are better, assuming Lambertian light-trapping. For Ln¼ 10

lm and low traps, single junctions and multijunctions are

better than nanowires. Thus the radial junction structure is

not in itself an advantage except in the case of very low dif-

fusion length and low traps at the junction.
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FIG. 4. (Color online) Efficiency vs thickness for the different types of cells

for Ln¼ 0.1 lm, low traps in the junction, 5% area fraction of nanowires,

and m¼ 10 for the multijunction. Solid lines are for no light trapping;

dashed lines are for Lambertian light trapping; dotted lines are for above

Lambertian light trapping.
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