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Fabrication of high-density self-organized quantum dot array and control of
photovoltaic conversion mechanism
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The intermediate band solar cell is one of the most promising candidates for

the next generation of photovoltaic cells with a maximum theoretical efficiency of >60% under
sunlight concentration, and quantum dot based solar cells gained intense research.

In this work, type-11 GaSb/AlGaAs quantum dot solar cells were investigated for application to
intermediate band solar cells. Multi-stacked GaSb quantum dots were embedded in the i-region of host
GaAs or AlGaAs single-junction solar cells. Fourier transform photocurrent spectroscopy with
absolute intensity calibration revealed infrared external quantum efficiency spectra by two-step
photon absorption. Thermionic emission of photo-carriers was suppressed efficiently in these device

architectures, and significant photocurrent production via two-step photon absorption was confirmed
at room temperature operation.



B X C—19. F—19—1, Z—109.

1. WFZEBAA Y P DY =

Shockley-Queissed i [R5t 4 # x 2 KB
T O ENRIENTE LT, ZEATMNIAL
e C& =, BUED NIV RILAY-E
K% F 7= 3 H:a & /L IC 38UV T LK Spectrolab
2N 450154656 C 41.8% F7- 20134 6 H 2
X — 7 W 44.4%(200 (FE) O RS
RERE L T B, F7-% Solar Junction,
FFHAHF O InGaP/GaAs/GalnNASD 3 4
TR L, 21 44.0%(450 (54E0) 258
gL T\ 5, ERBREIEHE S AT LTI,
KGN zE Ly AR I T —%fio THED
A0, 10O AVEER/INEL . T4
O REE DR TE S, BUEOTTHIERED
AT S AT L OENALZRITH 55045 T
HY., ZT 165mmADOL U XIZxFLT1
SOOE/VEEIT Tmm ARETH DL, BT
| P PV N b & RAN A S AR/ Vi 4
< MBHE TGS SRR O 1/3 Tk te,
ZHUE, TS NV R AR O E
FEdH720 a2 MIFERS Si K0 2HRER
WH OO, 500~1000 FIZEN LTHEMAT S
EL AW BTV DOAET A N ELL TEDHD
Lk B, LL., 50%LL EomEnZsHad R
EERDHT0OICE, 4BEBADBARARTHY .,
KIGH AR VIS Ui ia N> R
Xy v TR ThHh O EKFEET 51k
SWE, KB ALRE SRS TAL RE Y
T DR RNVEEMENE O EE A
FEFEL TN,

—J7. kD pn BEA MO EE R = R LX
— (LB HTIC N FEEEE A LT,
Ny RRURBGEMNEB T H L, =¥
— WA R O BLGREIT 60%(HEERE) % kAl
0| BIEOHES Si KBEMO 2 ~ 35D %
BENMEOND, Z0D X5 A KB4 LB
THREEE LT, WEE, &% CRHWY
oyl S -8 Ry MK (R Y M)
NEFHND,

2. WMIEOHB

RIS RE W@ T, A
VRN LV SN2 F v U T O
FmBtoENZ L, SHICHEAY F—{5
EHAONFHR DB NRELSETD Z RN
HThD, ZONMELEHEMKEL— & D
AR, ORI AT FL b OFES MR
KGFEMORHEZRET D, LIzRN->T, B
LRI R E S -2 KEGEMD D D
BN RERT & &, ROEERDTND
WEEAMAT 2 5 T2 D12 1E, AT D% D
WEEZ@EBNCEY H L CRHME C& 2 LEMN
H5,

ZIE TOWIE T, InGaAs/GaAsSBE Z A
THNES Ky PXBEEMmZRRY BT,
17.3%(FEERE) O b > 7 L ~UL D E %)
REER Lz, RFETIIRKOEERAT ~
7L LT, iE - N Rkl
JE. FIRRINY R REH A~ Db iR &
W MHE 2N E BRI KT T8 2 R

CK—19 (Jtm)

HRDHZ Lk o, BNy Fo&E ZH
ML, 2O Z DL DR ENSTM %2R
Wz slck v, BREASOREL L OEE
FEbZzXKsZ 2B E LT,

3. WL Ak
INETICHREED CEEY -TH
BEORAL Ny MEKOEREMN O
ZRIZ, B Fy MEE RIS SN D 2
=N RENLEELBREREO A =X
LD & 2 OfiliEE A2 eNL L, @bkl
M CHEEE ORI E B LT,
BARMIZIE,
(1) T+ & IEAL D22 HY 23 Bl 2 3 20N 2AT O
7=, XA T NBKEA D INAS/GaAsShE 1 K
v N OB AR AR - 2 B B A i ST
T 5, EEECEY-ICmNEBECERT
B Ny MEDTEA S5 (311)BEM Z .,
HREIRFE O HIEE OB EIT - T2,
(2)InAs &1 Ky N TFHROI ="V N
MLl Xy UT EAF 7 A& BRI
L. HIEKRAZHONCTH720, 2 Bt
WU OB 2 98 U7, SRS ik
OIBPEICE ZFFICHRD Z Lo T, &
+ Ny PRIGEMEIMECTERE LD I =2
¥ R RER A~ ORI L TE &
M7 i 24T o 72, £72, Ay X1 U T O
TRV F—EIEREEZHA LT DRI
X oT, F v U TREMEEICEE D S HIEIN 1
AL, I=A"U F0b X0 EROENF
¥ U7 OB AEFEBL L, @BRKETEEEL i
BT DL ERAT,

4. WFFERkH
MBF vy THETEDAAEBFR Y MEE
DER

ERFHER InGaAs/AlGaAs &+ R v kKBS

BHLOF v VU T IER R E2 YWET D7D,
Xy v Bl AlAsSb Z T InGaAs
B+ Ky b2l E 2 ERL -,
AlIASSbJE 23N 7 L 72 D) InGaAs& 1 K~ b
A~OF ¥ U T OFEN IS S dv, BRI KR
EMAE NG EIND Z & A ERE LT,

(2)2ERBERINAH = X LR EE SR IZ[A 1+
f-EEt LR

% HEfbE In(Ga)As &1 K~ b KBEE#IZ >
WTC, B2 5 T REM B O T RE RS
Y RAT7®y MERFEHICHBEL, 77—V =x
WA YEE A T 2 BRI T & B AR
SNFEIRE ALY NV OFEM - fRT AT o 17,
ZOFER 2 BYER OFRINVCER AL L
DW= R L X — & RSB RICE O
B IR (X R 2 R BfR &2 R4 2 & 3y
MY EERTHaE 2 BEEEIRIIC X
LEMAEREGD-OICKLER Y VT
B CiA® O/ IMHE 10.46 eVUL E| Z3kd 5 =
LIWTE, TSRV, InGaAs/InGaPE -+
R MO 2B L, BURE R Tl e
fEiRE 230 K2 1572 (K 1),



2 ERPE IR K

~

o A
N

Ing 4sGag 5P
1.9eV

0.40 . T , y |\ y

T
I InGaAs/GaAs/InGaP **
— 035}
> L
L o300l InAS/Al, Ga, As
5 0.
[} r InGaAs/
B 0.25 |- InGaAs/Al, Ga  As ¢ Al, Ga, As
_5 0.20 + Inﬁs/?[l)ofGa”As InAs/Al Ga_ As —
B wi InGaAs/GaAsSh
5 015 [InAs/GaAs InAs/Al,_Ga_ As .
2 [ins InAs/GaNAs 1
< 010 - InAs/GaAs .
InAs/GaNAs 1
005 " 1 ) N 1 "
50 100 150 200 250

Threshold Temperature (K)

1 E1 Ry heMIZEBWT, B33
TREM B DT R8N FE 7'y b
T RENCHIE L, 7 — ) o e
WTC 2 BERESEIRIRIC K B RADEE TR AL
MV RGN L 726 R, 2 BB H OFRIDEER
AR NV ORI = L ¥ — & RO E
i B 225 O B A UL B 130 ) 7 MR B AR & R
T ENGMoT,

WIZ L EFElE InAs B+ K v b KEEIC
BT, 7=V = EHSEERDIGEEHNT
2 BRI FE D 1 B H & 2 By H &
FEMIZ AR MR LT R T IRARY
M=y TERE LIz, BTIEALT ML
~ v 7&K AL RV (AML5D) & O E
RO B. 2 BRI X D OtEmA
FRAZ DV TER LT 21TV (1K 2) . @%h

FARIZ WM 7o E BRIk EH RS A BT 6 28T
L7,

Wavelength (um)

1.0 0.8 0.6

=
o

o
(o]

o
~
1

105
InAs/GaAs QDSC

Photon Energy (eV)
o
(o3}
|

o
(V)
|

1.2 15 2.0
Photon Energy (eV)

2 InAs/AlgGaysAs =1 N~ htE/Ld 9 K
IRITAH AM15D FCTONER~ v E T

(MA/ceV), BifR IR A R DR RE v v 7

@) TINARYZAL—2avVIZkDERFEED
RiEE

B KNy MEHOWEEHREAN Y RBOKEE
WEFLBRTIHTNNA AT I 2 b—F ZRF
Lz, TORER, DETFy hOHLTAD
YN CoMRE h > AN EEZE LTS
fB. hrRV T HREAN RESN LT
FRAE G 230 S AR m B #5#5 &
EHOMCLE, @74 Ry TF =y M%g
a2 Ry MY RRURBE I
ALtk%@%%Fy#@ﬁ&7%:yh
FEAE & DIRTEEZ B SN2 L. @i REEIC
w7 fEE A ST, Q) EBRTEHE LN S KA
AT AT TORERSFNRUEE T N4 AT
2 b—2a VTRV EIT O T2, AT
ANEEAN LB TIEHRE 0T 0%
LU, ZoRECLY ., 2 BN
2R LEAET DX U TR, B AERE
DEBLEDNTEITH) Z L2 FHREL Lz,

5. FR¥EEEmCE
(WFgefRzes. Wroe
=)

Gy RE J OSEEERTEE 12

[ﬁﬁuunﬁﬂjc] (%‘1 714_‘)

[1] T. Sogabe, Y. Shoji, M. Ohba, K. Yoshida, R.
Tamaki, H-F. Hong, C-H. Wu, C-T. Kuo, S.
Tomi¢, and _Y. Okada, “Intermediate-band
dynamics of quantum dots solar cell in
concentrator photovoltaic modules'Scientific
Reports 4, 4792 (2014) 4557

[2] Ryo Tamaki, Yasushi Shoji, Yoshitaka Okada,
and Kenjiro Miyano, “Spectrally resolved
intraband transitions on two-step photon
absorption in InGaAs/GaAs quantum dot solar
cell’, Applied Physics Letters 105, 073118
(2014). FFEf

[3] Tomah Sogabe, Yasushi Shoji, Peter Mulder,
John Schermer, Efrain Tamayo, and Yoshitaka
Okada, “Enhancement of current collection in
epitaxial lift-off InAs/GaAs quantum dot thin
film solar cell and concentrated photovoltaic
study”, Applied Physics Letters 105, 113904
(2014). #FEf

[4] Y. Okada, N. J. Ekins-Daukes, T. Kita, R.
Tamaki, M. Yoshida, A. Pusch, O. Hess, C. C.
Phillips, D. J. Farrell, K. Yoshida, N. Ahsan, Y.
Shoji, T. Sogabe, and J-F. Guillemoles,
“Intermediate band solar cells: Recent progress
and future directions’Applied Physics Reviews 2,
021302 (2015) A

[5] A. Datas, E. Lépez, I. Ramiro, E. Antolin, A.
Marti, A. Luque, R. Tamaki, Y. Shoji, T. Sogabe,
and_Y. Okada, “Intermediate band solar cell with
extreme broadband spectrum guantum
efficiency”, Physical Review Letters 114, 157701
(2015). & #HE



[6] Stanko Tomi, Tomah Sogabe, and Yoshitaka
Okada, “In-plane coupling effect on absorptio
coefficients of InAs/GaAs quantum dots array
for intermediate band solar cellRrogress in
Photovoltaics: Research and Applications 23,
546 (2015). & #t

[7] T. Kada, S. Asahi, T. Kaizu, Y. Harada, T
Kita, R. Tamaki, Y. Okada, and K Miyano,
“Two-step photon absorption in InAs/GaAs
quantum-dot superlattice solar cellPhysical
Review B 91, 201303 (2015) A5 #¢

192 B e

[8] E. L6pez, A. Datas, I. Ramiro, P.G. Linares, E.

Antolin, I. Artacho, A. Marti, A. Luque, Y. Shoji,
T. Sogabe, A. Ogura, and__Y. Okada,
“Demonstration of the operation principles o
intermediate band solar cells at room
temperature” Solar Energy Materials and Solar
Cells 149, 15 (2016). 57t

[9] Y. Shoji, R. Tamaki, and_Y. Okada,
“Multi-stacked GaSb/GaAs type-ll quantum
nanostructures for application to intermediat
band solar cells"AIP Advances 7, 065305 (2017).
e

[10] Shunya Naito, Katsuhisa Yoshida, Naoy:
Miyashita, Ryo Tamaki, Takuya Hoshii, and
Yoshitaka Okada, “Effect of Si doping and
sunlight concentration on the performance af
InAs/GaAs quantum dot solar cellslpurnal of
Photonics for Energy 7, 025505 (2017) # i

[11] T. Kada, S. Asahi, T. Kaizu, Y. Harada, R
Tamaki, Y. Okada, and T. Kita, “Efficient
two-step photocarrier generation in
bias-controlled InAs/GaAs quantum  dot
superlattice intermediate-band solar cells),
Scientific Reports 7, 5865 (2017) 45 5ic

[{]

-

(fi 6 )

(K] GH1 91)
[1] Yoshitaka Okada (Invited), “Quantum Dot
Superlattice for High-efficiency Intermediate]
Band Solar Cells”, OSA Congress on Optica
Nanostructures and Advanced Materials fg
Photovoltaics, Canberra, Dec. 2014.

[2] Yoshitaka Okada (Invited), “Current Trendg
in High-Efficiency 1lI-V Nanostructured Solar
Cells”, Compound Semiconductor Week, Toyam
June 2016.

[3] Yoshitaka Okada (Invited), “Progress of
Quantum Dot Intermediate-Band Solar Cells’,
International Photovoltaic Science  ang
Engineering Conference, Singapore, Oct. 2016.

[4] Ryo Tamaki, Yasushi Shoji, Takeyoshi
Sugaya, and Yoshitaka Okada, “Universal Linear
Relationship on Two-Step Photon Absorption
Processes in In(Ga)As Quantum Dot Solar Cells”
43rd IEEE Photovoltaic Specialists Conferencg
Portland, June 2016.

= —

D

174

[5] Yoshitaka Okada, Yasushi Shoji, Ryo Tamaki
(Invited), “Challenges and Progress on the
Development of Quantum Dot Intermediate Band
Solar Cells”, 2017 MRS Spring Meeting,
Phoenix, April 2017.

(flh 1 4 %)

(X&) G2 i)

[1] Yoshitaka Okada, Tomah Sogabe, and
Yasushi Shoji,'Intermediate Band Solar CélJs
in Advanced Concepts in Photovoltaics, pp.
425-454, edited by A. J Nozik, G. Conibeer,
and M. C. Beard (2014, Royal Society of
Chemistry, UK).

[2] MEZELE 5 7 & ko KBEH

—<F N PRI Ry bR — |,

WA D KB « KR E —FDRE

hEkm b, A e i ot — FEFER
2 2018 4F)

ISy

(PEE I PEME]
Ok (&0 1)

OBASIRIL (B0 1)

(ZDfth)

R b l— Uk
http://mbe.rcast.u-tokyo.ac.jp/
http://www.liapv.rcast.u-tokyo.ac.jp/NextPV/Ho
me.html

6. HWFFERHE

(D) WFFefERE
M E4: (OKADAYOSHITAKA)
BRKY: - SeimBh e s et o 2 — -
Hidz
WIEEF 5« 40224034

(2) WFFEs 188
(3) HLHERTTEE

(4 BFIEt 11
Ei& 5= (TAMAKIRYO)
HRUKSE + SRR o o — -
B #

FER] % (SHOJI YASUSH)
HORRSE: - SEOmRb R e o o — -
LERES U

HH B (YOSHIDA KATSUHISA)
FORRS: - S At et o o — -
FefEAF5E B



