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ABS'I'&{CT

It Jhls qaper' modifying the speclral p-n junction model th€ theoretical eltciencies have be€n calculated lbr aGalnPr/caAs/Ge multijunction solar cell fbr both the airmass AMl.5 global and AMt.5 air"., "or^"iuno", r ,uncondition. Based on these efliciencies, performance of this solar cell ii analyzed. Th€ increas€d bandgap and sunconcentration would for the iDcrclsed etficiency as well. Thes€ theoretical efficiencies or catriRrlcaavcemultijunction solar cerr have bcen achieved upto jg.l6rz00r, fbr AMr.5G, and 4r.3gyo for AMr.5D uno", t .uncondition respectively due to thinning the top cell thickness.

Kcyrvords:'Iheoretical efficiency, Multijunction solar cell,
.\STM G 173-01 rel'erence spectra.

1. Introduction

Singlc lLrnctiol solar cell can utilize only a part of the
s )cctnmr oi light. 1 he elliciency of the single junction solar
ccll is lorvcl in thc range. MLrltijunction solar ccll coul<i
overconre the lintitation of dte single junction solar cell and
coLrld plovidc thc higher efficiency. The idea of converting
diflereDt parts of the incident spectrum by different iayers of
a multijunction solar cell has been takel into account since
1951 Jl, 21. Ir 1982, thc theorerical and experimental studies
ol multijrrncrion solar ce1ls have bcen reviewed by Loferski
l-ll. Iu 1987. spcctlal p-n jrmctron nrodel by M. E. Neli et al
has bcen given. which is widely used in tandcm c€ll [4],
\lL'di')ll: .hotI-crr', rrrl equJlioll rnJ ta\e15( sarurrrion iltn.enl
L'quatiorl ol spcchal p-n jLruction model and considering
t',ickress. S. R. KunT e1 al glve aDother nodel for twojunction
scrics connectcd tandcm solar.ccll in 1990 [5j.
'lJre elficiency of a solar ccll depends on the incident
spcctnlm. tbc lenperatule of the cell. and the irradiance or
conccnt.alior of the light 16l. Increasi[g the cor]centration
01'the sunlight to tlte maximum valuc (-46000 suns)
contlibutes in theoretical efliciencies l0 20% (absolute)
u'hrch is highcl than the conesponding one-sun efficiencies

l7l. Change in the spechum gives a smaller effecr (t)?ically
I .4% absolutc) [8]. Two paran.reters responsible for the
nurllijunction solar cell efficicncy ate sltort circuit cr.tuent
C:usit;,, and open circuit voltage [91. Short-circuit current
dcnsilv dcpcnds on the solal iuadiance and the wavelength
of lhc spcchum. Where open-circuit voltage depends on

short-circuit cun-ent, reverse saturation cunent and
temperature. Reverse saturation cu[ent is also very
important palameter and it depends on su.facc
recombination velocity, thickness and temperature. Surlace
recombination velocity is connected to diffusion coDstant
and minority calrier life time both for electron and hole ancl
is decreased with the incr€ase of minority canier lilc tinrc.
Minolity carriel life time could be increased by intro<lucing
buffer layer and optimizing the growth t€mperaturc.
However lowq the surf'ace recombination velocity: lower
the reversc saturation cuneDt which in tum increases the
open-circuit voltage that consequently increase the solar cell
efiiciercy. It has been shown that bandgap is also a strong
function of the theoretical efficiency of the three junction
series connected multrjunction solar cell. Selectjon of the
semiconductor naterials is ver.y inrportaut lor high
efficiency multifunction cells. In our work. it has been
reported and analyzed the theoretical efficiencies of a three
junction series connect€d multijunction solar cell rvith
optimized top cell thicknesses. Here Galnp, with banci gap
1.9eV is used as top cell whereas GaAs with bandgap
1.42eV and Ge with 0.67eV are used respectively as middle
and bottom cell. A11 these three materials are lattice
matched.

The theoretical efficiencies have been calculated in different
conditions and consequ€ntly the performance of the cell is
analyzed. A modified version of the standard equations has

been used for calculating of the electrical characteristics of
the multijunction solar cell [4, 5, 10-12,221. Modification
of spectral p-njunction model by Nell and Barnett facilitates
the respective calculation in this work {41.
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-l he intrinsic calrier concentlation nf rvere calculated fiom

ni = n. tr,exp (fr)
rr' .- 4M, r4. (f )'rnr;,',;,r, "-r f .i,o ) 'l I

u helc ,'r-. and \, at e the densittes of statc iu the conductlon

and valance band. E" is band gap of the material'

J is temperature rn Kelvin. M. and M' are number of

eqirrvalent minina in the conduction band and vaiance band'

m; and m; ale the effective mass of electrons and holes

respectilel)': A cell \\ith band gap E- *'hen exposed to the

solar spectruni. a photon \\ith enelgy greatcr than E".

contributes an energv of E, to thc cell outprtt and thc excess

energ) (> E") rs $astcd as heat.

fhc Levclsc saturation culrcnt density J', has becn Then totai cirrent density

2. Theoretical Model
'fhe shofi-cilcuit crurent density J,. was calculatcd dircctiy

iiom the ASTM G17l-03 refclence spectra derived from

SMAI{TS v. 2.c).2 (4M1.5) [13]. As the layers of this

n.ultijunction solar cell ar-e co lectcd in series. excess

phobcrL[ent in att upper junction caD be |aillatively

t|ausi'enccl to thc lowcr laycls as topmost julction could

absolb uorc photon than the lowct lttnction [1'1. l5] The

photon flu\ F is calculated hom the i[adiarce I and

wavelcngth i.

J..-grP
,. -)l

rvherc. c is elccholric chalgc. Ir is photon llux. h is Plank

consta[l. i is rvavclctrgth of ir]eidcllt , and c is vclocitl' ol Liglrt

(1)

(2)

calcrriatecl fol each cell as tirc sum olthc currcnts for the n I = lr("# - t) - )rn (8)

tvpe and p-lype layeLs [2] open circuit voltagc V,," can be calculated fion this

/s.,1:;i,..t'{ :p ,l..rnht J )\ equatton by putling J 0.

l, - c("-)'!l "- ""'"' '"'" l+r"-''t' it\;F"*(jL,",")-"t^( JJ/ v".-(:)'"1(;) rl ror

. /,, r:,.",r,1-=11 ir,,.r.r -" t\ Iur ..r gnen J rhe V. rncrcr\ej logar,rlrnri.rlli ulllr

l]lf', '[i 
rL Jh.-- ' Dnrh' t\Dl,h'I r]' ,luireasrng J, orrrpul poucr Jensit' l'iun be,aliull( llr,,niI ,, ' N, \ .",, h rl sinhl-lr l**,r.i.;1 r /

\ L' rr.. \. nhrtr, lDt. '/ P \.,i

,'he|e. lJ. rs Jrfru.rorr curlcnr con:\lar)r lo| clcctrorr. lt.r. p _ lzlio(c-a l)-i,. 1 {l,rr
,l,flusrorr c.rr'tettt (olrslJrrl lor hole. r. ts tllinortty crtrrct li(e

tj[]c ibt electton. -r1, is minority carriel life timc lor hole. ni lhe condition fot maxinum pou'er deDsity can be obtaincd

is ilrtrirsic carricr conccntlation. N \ is acceptol rvhen dPr'dV= 0

..rn\'.llll.rlloll, \-, tt .lonot cunucl]Lrrlloll. :. l' 5utla(e ' f, t

'e. 
orrrhiurrrorr vclucir) 
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recombination veiocity of hole. X, is thrckress of p layer. Tilus the equation fot maximum voltage is

and X,, is thickness o1 n-layet. The djftlsion constants D. V,,=V,,,. ltr.(r + DV,.) (12)

ard DL, were calcrtLated liom the Eirstein s relation-ship: P

r).. - \'r'r," (4a) where, F = fi

lr . . !'' r4bt 
The equatton lor maxtmum current Jcn'itv t'

" J,, Jo0\,,e'\"':/,.(l-+) rrlr
llcr.. p. r. lIrobtlttl of clc.tt.rtl. t/r l' llrohilll\ ol lrolc. k ls

IloLlzmann's constant. The mitrorily catlier lili tinle r. and 
3. Calculation and Results

.r uele calculated fion.t ln this rvork, the theoretical efficiency of Gal.p, CaAs,Ce

1=,l1gpn (5a) nlultijunction cell has been calculated rl 101)K wl:
rc rsrtrl consrderecl the total power densities 100(l \\ rl' Jnd 90(J
1- I ; g5,, (5b) w/mr for the AM1.5G and AMl.iD resp!'crr\.h {161. Thc

I lc|c. r. 111 is Shock ie y-Reatl t Iall li fr' tr rnc: B I s clitec t br nd - Icqu I red palanetels of dilferent la.ve rs of lh'- se mic onductol

l.irnd r!'combinalion co-efllcient. 'l he surface recombination naterials for the stack of cells are considered ln the analysis'

r elocrties o1 eicctton S. and hole Sh were calculated fiolt.t final1y rvhich yield the results for the elficiencr presented in

^ D., o" E the following table at l00K Sin'tulatrons have beelt

J.. = - = -=-:= = t: (6a) perfbrned using in house code nritren for MATLAB' ,e acDe 'J'" (Mathworks rnc.).
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'l ablc I : Paramctcls of thc matcrials fbr tlucc laycrs juuctions at l00K tcn-lpcrature

l'aramclct l op Ccll
(laInP.

Middle Cell
GaAs

Bottom Cell
(ic

I 0.65-.1 . l0 6nr 0.875x l0-6m 1.775x l0-6m

M. I I

M, I l

4000 (cmr,,Vs) [51 8500 (cm1vs) l5l i900(cm']/vs) Il0l.l

lLt' 200 (cnii vs) l5l 400 (cmr/vs) [51 1900(cmr/vi) ll0l
r',r,.*/n,,. 0.1-s5 lsl 0.067 fsl 1.64 [101

n]t, /r1rc 0.460 lsl 0.473 Isl 0.28 l10l

T\R l0 i (s) 10 ' (s) l0 
j 

1s1

B 7.5 x l0 r"(s rcmr) 7.5x10r"1srcmr) 7.5. l0 r'(srcm')

N\ lort'cnrr l5l l0r'/cm l5l l ort /cmr 1l o1

N,, 2 x l0r* cnrr 15; 2x 10r81 cnf [51 2x l0r* cmr [101

X, 100x10'm l00x10 t m 100r 10 " m

xI 208r 10 ') rl 300x 10 
e m 400x10 " m

'l ablc 2: 'l'hc oblaincd valucs for the multijrLrlction solar ccli analyzcd

AM v,,.(v) J,. (rnA,r'cmr) v,,,(v) J,,, ( mA/cm:) r(""1

AM I 5I) 2.1601 t6.04721 2.f 402 15.871 03 41 2.

AM I 5ai 2..165 0 16.43s 1 1 2.f 451 \6.25498 38 1

Ihc unalysis assumed zero losscs fionr lellection: grid
covcragc ancl scrics rcsislancc. I lou,evcr' cxpcrimentally,
lhese loss lactors lou,er the cell efllcienc),. Moreover other
luscs llctors sLLch as absorption. recombination, inter'lacc
rellcction elc iu diffclent layers llrther lowel the ceil
clllcicncv lt is evident tbat 11on-icleal 1'actors lou,cr the
crinversiou clficiency twically to the raDgc of l0 to 15%

ll7l. lhc highcst obtaincd expcrimcrltal efficiency for
GalnP-./GaAs'/Cc r'l'rull jiunctior solar cell is '12.0 ,l 1.5 %'
li)L 4M1.5(l urdcr I srur coDclition ll8l and '41.6+ 2.5 %'
undcr'l(r-1 suns condition as rcpo cd by Spcctrolab 118, 191.

4. Pcrlbrmance

-fhe thjckness of the k)p ccll. bandgap and sulacc

rcconbinalioo velocity ita\c a signilicant {olc in ceil

c"[icierrcy lhc 1op ccll thicliness u'oulcl be the adiusted

paramcter. MoLeover thinning the top ccll thickness could

increase the cell efficicncy. Theoretical cells cfficiencies arc

a strong function of the materials' bandgap [201. 11 the

baldgap has been valred anomalously lron l.70eV to

1.90eV 1211, cfficicncy is incleasecl linearly fronr 14.8-l'1, tcr

38.11% for AM1.5G and frcrn 37.7\th, to 4t.26t,lt tor

AMl.5D respectively as shown in Fig: (a). From lig: (b)

band gap has been varied anomalously liom 1.2c\' ltl

1.42cV; efficiency is also increased from i4.5%, to iE.1l,r;
for nMi.5G and fiom 37.35V" to 41.2601, for AM ].51)

respcctively. From !-ig: (c) top cell tlickncss has been varie<l

fiom l50nm to 600nln: efficieDcy varjed iion 37.63'li, to

18. 16'fi, ibt AM L5G and 40.2 I '% to ,11.18%, for AM L5t)
respcctively.
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In ftis study *,e got six difl'er.enl sulface rccombitation
velocitics in three different laycr.s 1br electron and hoie. In
oLLr healDtcnt. we varied the top and middle cell surface
lccombrnation velocities, because bottom layers' velocities
alc very small with respect to the top and middle layer.. From
t'-?: (c) top cell thicklcss has been varied from l50nm to
60(inm; c l-fic iency decreased i 8. 1i(% to 3i .41yo for AMl .5G

aDd 11l .2%, to 40.1(% for AM t .5D r.cspectively. From Fig: (d)
surlace reconbination velocity has been varied from Oms-l

to l000msr (as the velocities are approximately equal for

elcctron and hole) efficiency is dccreased 44.0201, to 37.62ok

fbr AM 1.5G and 4'7.69ok to 4o.14yo for AM L5D
rcspcctively. Molcover it is for.rlld that more the absorption

coefficient more the photon cnergy will be absorbed. In the

scrics collltccted multijunctiol] cell, the series resistance

decrcases the shofl circuit crurent which in tuin increases the
open circuit voltage.

5. Conclusion

The theoretical efficiencies of GaInPl ,/GaAs,Ge solar cell
have been worked out for AMl.5G and AMl.5D under ore
sun condition respectively. The effects of bandgap. top cell
thickness and surface recombination velocity have been
€lucidated and it could be concluded that rhinning the top
cell thickness and increasing the bandgap. the efficiencies of
the solar cell could increased. Other material combinations
likc GaInP, /GaAs/ GaAsBi could also be studied to improve
the efficiency.
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