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ABSTRACT

Heterojunction phototransistors (HPTs) are more attractive as a photosensor than
photodiodes since they can be easily integrated with heterojunction bipolar transistors (HBTSs),
and provide a high photoresponse even at a low bias voltage and are immune from an
avalanche noise. In particular, the GaAs-based HBTs and HPTs with an AlGaAs emitter
demonstrated a high performance. Recently, the InGaP emitter has replaced the AlGaAs
emitter in AlGaAs/GaAs HBTs and HPTs due to its superior material properties.

Although the reliability of the InGaP/GaAs HBT has been widely studied and reported, few
or no reports were reported for the reliability of InGaP/GaAs HPT. In this study, the DC
current gain £ and collector photocurrent A/¢ under photoirradiation of the fabricated HPTs
were measured in the temperature range of 300K~400K. We also discuss the phototransistor
characteristics before and after the electrical stress applied at room temperature and at high
temperature, and also assess the effectiveness of the emitter-ledge passivation, which was
found to keep the InGaP/GaAs HBTs’ performance from degrading at higher temperature or
by the electrical stress.

The photosensor may be widely used in space, where it needs to be operated without a
battery. In this study, an InGaP/GaAs HPT and a GaAs solar cell were monolithically
integrated on an HPT epitaxial wafer, and the battery-free operation of the HPT was
demonstrated. Although the thickness and doping of the layers were optimized for the HBT’s
performance but not for those of the solar cell, the obtained short-circuit current was high
enough to operate the InGaP/GaAs HPT in the two-terminal (2T) configuration. For a
potential application of the InGaP/GaAs HPT powered by an on-chip GaAs solar cell as a
photosensor in space, the device was irradiated with electrons of 1 MeV energy and 1015 cm™
fluence. No significant degradation of the fabricated InGaP/GaAs 2T-HPT after the
high-energy electron irradiation guarantees its battery-free operation in space.

Furthermore, InGaP/GaAs HPTs are expected to be potential applications in the space-based
communication systems. Therefore, reliability of HPTs when exposed to high-energy radiation
is of major concern. Although the radiation effects on HBTs have been studied extensively, to
our knowledge there is no study on HPTs exposed to high-energy radiation. In this study, we
also report the effects of high-energy electron irradiation on the characteristics of
InGaP/GaAs HPTs.
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(1) =2 v X EWEEE N I > Z g o/ER
WAY NG —2 (AT NZ—1) - Iy XEMEETIv Iy T T
2 =IvH Ly IRy _— g OER
AR R— (AT NHE—22) > ZI v XLy VTS
(3) N—ARBMIHS N —AJE - 2 L7 ¥ EOIER
WAG NG =2 (AT NE = 8) = N—=AEMWAKAE - AP F—2 (AT F
—r4) > R—RABTyF T >alL @y TF T
(4) = v X B
WA R = (AT R =2 5) = a Ly FZEmKE
(B) 7 aL s xEOIER
EA YT atv R (AT RE—=2T) > TalL s y2@ryF T
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WIZ, VRO FIROFEMICOWTIRRS, £9°, 7 b 5min, =4 /—/L 5min, ffi/K 3 [A]
(30 FH/IED) TUifr & AT - 7o = WHARKEIZ U 7 P A ZIZ K-> T I v # M (TVAW) ZIBA L7z,
oz v HEMmE~v A7 L LT, InGaAs &, GaAs J§% ZiZ4 HsPOs: H202 @ H2O K
NH4OH : H202: H20 T, InGaP @iX HClEK Z W TEIRMIC = v F 7 L, X—AREZ
H &7z, XR—=2BIXEWOT, InGaP & GaAs D= v F U VHENKE < B7e5 HCl #H\ 5
IR R EA Ny F T T L ER LI I v I AT ZTERT D N TE D,
AlGaAs/GaAs HPT TiE, @WERMEDO T v F U VRN 8, N—RAgat—~zyF o7t
FTIEIAR—Z2ADHH LET 5O0RKEETH 5[3.4]1-[3.6], WICFEH LIz X— AR — R E
(TYPt/Aw) %2V 7 bAZIZEVER LTz, X—A, a7 X xEGEL Ay F 7L, W
Tavy A EBNEET, FORMI, 2Ly ZEM (NI/AuGe/Ni/Au) Z#Z4&E L, n B4 —=
v ary 2y NOBKEEIT T, Y7 a7 ZomEE LA LT WE I, meEicE, 2
JREYTaL 7 ZORICEy T A My TEE L TEVERED n £ InGaP g2 A LT,
InGaP g% HClIEE CIBIRWIC= v F o 7 LR 20nm E 7 arv s ¥ @eroyF o7 L,
ZORMIZA V7 ZEMETE LIz, ZTOXIICE=I v F Ly Py v _—=2 g D720 N-HPT
AR T,

TIvH Ly IRy _X—r g 0, InGaAs KO GaAs =3 v ¥ Jgh = I v X EMEMAH~
A7 L LTHWT, Z1F 4 3HsPOs : HeOz : 25H20 M T SNH4OH : H20:2: 150H20 % T4
Ty F U7 L, ZOLE2D InGaAs KO GaAs DT v F > 7 EE X2 200 nm/min Th -
Too TDH, T v AEMEBVET I v X Ly Uy U= g VB O~ X7 Z VT,
HCIE T 30 nm @ InGaP g2 2Ty F L7 L, ZOLICZIvF Ly IRy v_—y
arObb LHPT Z{ER L7, Ly PVIEIX5pm & L, X—AFZHH DK 50%% InGaP = v~
ALy PRy R_R—va vy TlEol, TOHOT vt X%, N-HPT LRIETHD, £ 7t RF
NE O FEME 2 RN~

331 *HER
HPT 2325 L X2, 74 PP RARDORE =ML T, =y F 7 ROEBREKE T
5o 74 RLTYARDNRH— /@%%i VAT ERANT, 74+ NIV TT T2k 0ITY, 7
A RV TR RO —20F, NAA Y RNE = LWfi AR — D 2FEEERDH H, NAA P/ —
yﬂi}mT@E@iy?/7%ﬁ5&%L%W5A5*/T%50*ﬁ\kfﬁﬂgﬁyﬁHFF
DEMIEKET D L ZITHNLF = Th D,
UTICAMETHW 7 + F LYV 2 RONAA Y2 — 2 DIFRIGAE L W A Z — o DR
0 R &R,
(@) IBAYTREXR
1) InGaP/GaAs HPT Oz A B F—HO EIZRET 5,
2) AEVF—HO LI E LT InGaP/GaAs HPT O MM O F#HIZ 7 7 A ~—(PRIMER,
ROHM AND HAAS ELECTRONIC MATERIALS) i 72 < 44 5,
3) 1 BEDEERO[EAEA 1000 rpm, [FIESREHEZ 2 s 12, 55 2 BEFE DRI ORI %
7000 rpm, [HHERF % 30 s IZERXE L. 77 A4 ~— &K EIZEA L7- InGaP/GaAs HPT
DEMRE A F—FBO EIC#HE-EF, AT —FEERSE T, 774 ~—DFE
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4)

5)

6)

7)

8)

9)

Y —ITT 5,

A F—DEEENIEE 725, AV —BEORICRELEZEE T, 794 ~v—%K
fZ8AT L7z InGaP/GaAs HPT OMEROREICT T A ~—D LB 74 hLP A b

(PHOTORESIST S1818, ROHM AND HAAS ELECTRONIC MATERIALS) % ifi i@ 7

<BATT 5,

%1 B o RlERo [AfiEH A 1000 rpm., [AIERHRFZ 2 s (2, 5 2 BRPk @IEI%@IEI%%Z’%

7000 rpm, [FIEEFEZ 30 s IZRXE L, 74 ML YA NET T4 ~v—0D L HREIZE

fi L7- InGaP/GaAs HPT Oz A 0 F—H 0 BIC#tizF £, A —% 0k

SHT, 74 FLUR MNOREEEE]—IZT 5,

A —DEEENIEFE 5726, 7+ LU A MEREIZEA LT InGaP/GaAs ~7

REEGNAR—=T 7+ b NT U VRAZ DI E, N—7iREE 110C, ~N— 7 K&

60 s IZEXE LT _—ZIFEOFIZ AN, X—7 T 5,

R—=U BNEbole b, 74 ML URA MREIZEA L2 InGaP/GaAsHPT @ Sl A~

—ZFENEWMY L, ~AZ T 74 F—(PEM-800, =4 HFH LIITA—R - <

A7 a7 v 7)DREEALZ O FIZEET 5,

VAT ITA T~ AT EZROAT, 2027 Ny v THREZ Oum, 77 A F

¥ v 7% 50 um, YR Z 3.5 sS(PEM-800, =4 WFDEFAR), Y7 har s

M 7740 F vy 7% 30um, BHIFZ 20s(X—R «~A 70T v 7 OGN

ELT, A7 AbEEITV., 74 F LY A FEEBICEM LT InGaP/GaAs HPT &

R BT 5,

T LT, 74 L URNERBEICEA LTz InGaP/GaAs HPT @ 3K % Hligik

(MF-320 DEVELOPER, ROHM AND HAAS ELECTRONIC MATERIALS)!Z 3 43

=L, BBI 5,

10) B3 b6, 74 b LU A M EREIZEAM LT InGaP/GaAs HPT O Jhik % Bl A

AWK TUHET %,

11) &R CEFREZ 7+ ML U MR SN 72K E O InGaP/GaAs HPT OFEHRICIK &

1.7+ PP A M &R REIZEA LT InGaP/GaAs HPT O RO R 4 2 S W 5,

12) 7 4 F LY R M EREIZEAR L2 InGaP/GaAs HPT O Xz, ~— 27 iE% 130°C,

N— % 120 s ITRE LIe_N—Z O HRIZAN, X—27T 5D,

Vb, InGaP/GaAs HPT O 7+ N L 2 NDJEA Y32 — OVEBRIN =Y 5,

(b)

WA TOER
HPT ®7 4 h LY A FDifi A Yo% — o DOVERIGA:

1)
2)

3)

InGaP/GaAs HPT O FfiZ A F—H0 LIZRET 5,

AV —H O EIZERE L7z InGaP/GaAs HPT O XMk D FK ik 277 A ~—(PRIMER,
ROHM AND HAAS ELECTRONIC MATERIALS) % i@ 72 < @479 %,

% 1 BPEO RO MR Z 1000 rpm, [FIESEEHZ 2 s (2, 5 2 BEFE O [RIERO mIFE %
7000 rpm. [BE[HREFTA 30 s ICERE L. 77 A ~— % RMEIZ&Ai L7z InGaP/GaAs HPT
DERZ AT —EO LICHEEE, AT —ZEEESE T, 774 v—DFHE
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Y —ITT 5,
4) A F—OEEENIEEST-S, AV —HBED RICRELEEET, 794 ~v—%FK
Mm% L7 InGaP/GaAs HPT OHEMRDOERIZT T ~—D 674 FL YA B
(PHOTORESIST S1818., ROHM AND HAAS ELECTRONIC MATERIALS) % i i 72
<BATT 5,

5)%5 1 Bt P [ml#R oD [l A 1000 rpm., [AIERIFR 2 2 s 1245 2 B¥ RS oo [aliiz od[AlfiEEk 2 7000
rpm, [FHERFR]Z 30 s ICRREL., 74 FLY A M2 T T4 ~—D ENLREIZEA LT
InGaP/GaAs HPT Oz A F—H0 FicHit-FF, A F—FREEESHT,
74 LU A NORE LY —IZT 5,

6) AU —DEEENIEE 725, 74 P LYV A MEEMmICEAA L. InGaP/GaAs HPT
D KW & BB i (MF-320 DEVELOPER . ROHM AND HAAS ELECTRNIC
MATERIALS)(C 15 B[EIZ L. iAo A Ab/kH T 8 BT 5,

T BHRATERE T+ N LURA NP INTZEKE D InGaP/GaAs HPT D AR ITK &
R, 74 LY A M ERECEA Lz InGaP/GaAs ~7T 054 R —F 7+ b T
VURAZDEMDOEmM ARSI T D,

8) 74 b LU A FERMICEA L1z InGaP/GaAs HPT Otk %, _— 7 iRE % 85CIT%
ELAYy b7 L— o RIZHE, 60sX—27 3%,

9) R—=UnboTeb, T4 MUYV A M ERREICE L InGaP/GaAs HPT D54~
—ZIFENPEWRY L, ~A 27 77457 —PEM-800, =42 %H LT A—Z <A
raT y 7)OFER LA O FICHRET S,

100 ~AZ T IAFT =~ A7 ZWMOAT, a2 7 Xy v 7HEHELY Opm, 771 %
¥ v 7% 50 um, FTHFEM % 4.0 SPEM-800, =4 L HSZDHE), Y 7 havZ 7 b,
T4 Xy v 7% 30 um, BN E 2.5 S(X—R « ~A 70T v 7 DEAICHEL
T, YAV HEDLEEITV, 74 LY A M REICEA L2 InGaP/GaAs HPT O Hbk %
BT 2,

11) | L%, 74+ b LU R M &FKEIZEA L7Z InGaP/GaAs HPT O Xz, ~— 7
JEZ 100°CICRRELT=A Yy F 7 L— hO EIZ#E, 7T0s X—27 795,

12) "= Rfkbote b, 74 F YR M ERMmIZEA L7 InGaP/GaAs HPT O HA % Bl
% (MF-320 DEVELOPER., ROHM AND HAAS ELECTRNIC MATERIALS)(Z
iz L. 8842,

13) Blgntkb o726, 74 LU A M EFEIZESN LTz InGaP/GaAs HPT O HA % it A
F bR TCHH T 5, ER NV TERE 7+ LY X MR EBM ST EKTD
InGaP/GaAs HPT OHMIZREf 1T, 74 ML A M ERmICEA L7z InGaP/GaAs
HPT O R OFKm A S5,

Pl E. InGaP/GaAs HPT ® 7 4 K L A fDiifi A 8% — o OVERIN 2R T 5,

3.3.2 EiBREE
EARIL, BB — L7855 7E(H E-Beam 78535 & - #7 E-Beam 7855 358 ) & O HUINEAR 75 15 G
E-Beam &%) 2 FVTIEAR LTz, AWFE CTHOWZ BB B L OBE % 2 3.2 I27R 7,
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# 3.2 KEWEL &R
EAA R N—RA TR | BEE[A] AL

, _ B E—a&E(R

Ti Ta N—ZFF 500
T3 v X E-Beam 7875 %5 E)
(n EEAR) Au Ta N—ATF, 4500 | EE—LHEEH
AlOs/N—RA T ) E-Beam 7& 7% 3 &)
Ty Ta /N—Z 5 F 200 B —L7EE(H
E-Beam 7&K J5(&)
N— 2 Pt Ta /N—Z 5 F. 200 BB — L7 (I
(p EfR) C—AFF E-Beam 7875 %5 &)
Au Ta /N—Z 5 F. 4600 | BT E—2AE(H
AlO3/N—RA T F E-Beam 7& % 3 &)
Ni Ta /N—Z 5 F. 50 BB — LKA G
AlO3/N—RA T F E-Beam 7& % 3 &)
AuGe . RPUMEE A it

W AR— b 400
a Vv K (Ge:12%) E-Beam 7754 (&)
(n HEAR) Ni Ta /N—Z 5 F. 300 BB — L 7EAE O
AloO3 — R T E-Beam 7874 %5 )
Au Ta /~N—Z 5 F. 4250 | ETE—LEKEG
AloOs — R T E-Beam 7575 HE&)

LU R EMIE R O FMEOFEM 2 i3 5,
(1) EBRASZ—2FBTH NIV TTT AIZE VKT D,
(2)  FHETF v o \NICHEEMME Y N5, REUINBVERE OMEHAuGe) IZEFFET1 g

REED, Fv S SNOWAR—FLEicty 5,
(3) HEETHV LT NEY LTI ANFICT NI T—FTHEO T 5,
(4)  Fxon"EEAL, B2 & 2T 5, 106 Torr LA TIZ 5 £ THEZEL X 27729,
(IH E-Beam 7835451 : 6 B UL LM BE 37 E-Beam 783535 (& 5 REH LA B3

(5) EZEEENN, 106 Torr LL R o= 2 & il L,
(6) AENKTLEL, V7 A7 %

S =

1T 9,

EOTES, Ay M) A=W T LE AND,
(7) 2 FRFRER LT ERORBRNEFENTL 20T, BmE o P ILORIC RS 5RE
HAWTKEZNNTF, V7 NET7 %979,

8) VUZrAT7HIX, 7 M5 min, =4 /—/L 5 min TIEIZHEE L.

30 B/E)TY > A%&FT\N, No A TS 5,
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UA—RERYy h L — D T70CTHLNE D

Bt AR (3 [,




333 IvFVY

InGaP/GaAs HPT OfEfl 7 & 2 2B\ T, AFETIEY = v b=y F U L DEH O A
7ut Az, HPT Z{Ef L7, InGaAs & GaAs D= v F o 7&Kk & LT HsPOs RIRIK.
NH.OH 2. InGaP o= v F o 7 iRiEIZ HCl Z fv 7=, HCLIE GaAs & InGaP TER A
1000 LA EEHE SN TEY . GaAs & InGaP D&~ v F o V7 NA[EETH D, GaAs DT v
Fr7E, RISERIC LDy F U VN EBRTE, BP0 E, Y- HRohnweyF s
NEEETH D, Tt L., InGaP D v F o 73R TH 5, InGaP D= v JF o FRHIITRIE
INFEAE L, TORMPIENIATE L, BIVELOLTNELDL Z R D, T DRBENELA 25
H T ZAOEERSE ST L 72 5, 16K, InGaP O v F > ZERIZIE, HCL: 156H3PO4
DIREVERE N TE 7208, ARFFETIE, HIVELEP <7212 HCl & T InGaP O= v F
T %47 o7c, HCl TO Xy F U ZHEE L2 D 3N, —5UZ InGaP B HID > TLES 7D
ICRIAIC KB BN ETIZ VY,

UTIEAE T v F o TR M R OB G &Ly F o 7 L— R &2RT,

#£33 T vTFUIRBRENRROEIGEZyF 7 L— |

Ty FUT)E Ty F o T ER M IR OEI S TyFr7L—hr RT)
InGaAs J& HsPOs4 : HoO2 : H.O=3:1:25 2000 A /min F&FE
GaAs & NH4OH : H202 : H.O=3:1: 150 2000 A /min F&FE
GaAs & NH4OH : H202 : H.O=3:1: 100 3000 A /min F£
InGaP J& HCl

Wiz F o 7 DOFIAERT,

(1) AAVV UH TR AR, =y F L TRIREED,

(2) WRKEWFOHRFE—TIZANh, 227 RigEE, X< 5,

(8) HrTrEvrty NTKECRDL, o F U BT,

(4) =y FUTBIFMAKTT Y F T OMEITE LD, KT AL Ne WA CTHRMET S,

(6) Z=oTFUITKTH, E—DIZY L= TVERL, VYR NERET S,

6) BIOE—DIHET & b Frfkm g ) — LB L, IEICPRE 21TV, BBk d
% (3 [Al, 30 Fb/m)),

(1) HFBEMEE O CRIREZBIZE L, LY A MEOEREMP O DHRT 5, LU
NERBMDPFAE LT a, G600 E T,

SE 3
[3.1] M. T. Fresina, Q. J. Hartmann, S. Thomas, D. A. Ahmari, D. Caruth, M. Feng, and G. E.
Stillman, “InGaP/GaAs HBT with novel layer structure for emitter ledge passivation,” Proc.

TEDM, 1996, p.207.
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[3.5] N. Hayama and K. Honjo, “Emitter size effect on current gain in fully self-aligned
AlGaAs/GaAs HBT’s with AlGaAs surface passivation layer,” IEEE Electron Device Lett. 11,
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AlGaAs/GaAs heterojunction bipolar transistor,” IEEE Electron Device Lett. 8, 246 (1987).
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FEA4E InGaP/GaAs ANTOEE 74 F S USRI DRAERUEYE

ER S 7 HPT O@fEICIE, X—2AZBikT 5 2 i+, HBT O XL 9 IZN—RERIZE D 3 Ui
FENER B L0, mOFIENE LN 3 FEIEATT o 72[4.1], ER S/ HPT o= v ¥ #
#1D DC i 2 YRR T A— % T F 5 A F(HPA155AI L V1T 7=,

NSERST R — BT F T AT, TNENOMTE T — A, BiREE, BEEECRET S
ZEBNTE, MERAEEEL, MEEITI.

4.1 MEREE HPT O
*%’\F%?@3%¥%¢®thmﬁéi}BT®%@&ﬁﬁﬁkéﬁ\$ﬁﬁhﬁﬁé
HPT |%. ZtHfE2 K& LTHY ., @H D HBT OFE &L 1TR 2 5 etk 5720, RRkEE
DYE. 2T HBT OFpME L1387 HPT OFFPEE L7z, Kok HPT OREIZERFIS B X
DEHE S5,
IQy&%ﬂ@%Q\HMWET®@ Bl = L7 ZEROEMEE T—HKIZA (4-1) (TRSh
BIAF p CRHME S5,

/3:_3 (4-1)
I

T, BIIRN—RERTHY ., IelTa LI XEHRTH D,

4.2 FBHHKRE HPT O%iE

JEE S Co HPT OISH T, b —V— OB T 2SN EE L 220 | L5755
T HPT et 5-l3 % [4.2]-[4.9], A#FFETIE, HPT O AESCHRHEE~OIEAZ B E T 572
w\%%%Kﬁ%%ﬁﬁ%%~i&LtPHmmS@@Amfy?y7Cﬂ*wV'%flmmm
EHHALE, V7 T4 A REAWTT U7 ORRSHEIKER 74 mm N O RRSTERE 23—
HE T LT, FEBRTIE, FYRZ AW, (/- HPT O v O3 L 7 X ¢ /}Ibzgf%/\
— ABRICBNCHERNRT A =2 TF T A4 P HP4155)IZ L W HIE L7z, HPT KO 6 =Tk
N5 KIGEMEEE HPT OHJEE LTT N, AR E B — IR T 2BMEIHO) v 7T 4k
AR (X 6.24 1Z/r:7) AW, RRERICED a7 ZEROESN RGN, Ll
RN D, ORI, EHEIC AR TR W), B0 URSEROMT - B8RE21T-o72,

— %I HPT O PR GIXHAK OGS B3 % 100% & E L CR@-212R7 3 L 51T
BRI NICIR S5 7 4 b U8 npn 2332 2 L 7 ZITIWEE S TZE T O8 He@l£|/\"c/j"é
o,
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n.
G = = q
nph Pin
hc
— (4-2)
A
_hc A|C
qﬂ’ Pln
ZZT, I T U7 ER, el g IXEMHR E,Aiﬂﬁﬁ&ﬁ P I NI Alc
IXERIRBE (Dark) & YEFRETIRRE(Light) O H ) & (= ZEIRDZETHY . T72bbHEIC
HalLy ZEROENGTH D, %%t®%fﬂém1%6 &#%<&W*ET%5EWET
HE. ALy ZEROBMBEETO Ale D3RG LEMTHD EEZHND,

AHFFE T, E@t%tﬁ&bf%wfwétb FRRTIT A D X HI2RE@-2DIC LV %
S GEHET D ZLIXTERY, LhL, HENDO AT MUICEENDFEE TOETH%E
Z 100% & L, RS nizx v U7 OIEDRIZ HBT OREORITET L, HEICIHRFET,
F W E TONRFREHIBAEE KT LRV EET D &, AEEOEFRET, Bako
HFFFER T EBEZ D EMTE D,

BARRIZIX, ABKOAXRY MVIZEENDWEREE A, A2 A5, ..., An & T 5, B TOHNLKE
MPNICE SR XD 7 4 b % npiA1), npn2), npp3), ..., npp)E L, FHEE OBz I oL
7 2 CHATRERINICINE SN EF 5% ndd), ne(A2), ne(s), ..., neQA)e 5, £7-. HE A1, Az,
A3, o, T E VB ENTFHE G, G, Gs, ..., Gald, TNENLLTO X DI 5,

_n(a)
= ()
_n(k)
&= ()
_n(1)
= ()
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G, =——% (4-3)

HEYEDEE . Bt & FERICEA I HPT ICHRE S22 7 + b3 npp k25 a1
HIIEE SN2 B ORI ne DEIAIZ LV HEFFNE GIIERSINDOO T LLTFOLIICHES N
5,

g M _ n()+n()+n(a)+..+n (1)
Non nph(/ll)"}_ nph(ﬂz)‘F nph(ﬂg)—F...—l-nph(ﬂn)

_ G: Ny /11)+ G. Ny (/12)+ GsNon (/13)+ .+ G Ny (ﬂ.)

(4-4)
N (/”tl)+ N (/12)+ N (/13)+ o Ny (/1)
PLED X 510, FeF R R IR LW EUET B &
GI:G1:G2:G3:---:Gn (4-5)
L= ->T, R4-DIT
G G () + nulA:) + 0 (1) + .+ 1))
N (il)+ Ny (/12)+ N (/13)+ o T N (A)
(4-6)

=G

FThebb, BT 2 FFEE, AERICEEN D EOHEANITHT 2 IFFFEF T
12725, BWETORFRENZIIZEBL LW EIRET D & Ale N EFFIR L M ThH D &
ZEZ2bid, A4-2)D K D IT—RINEFAIFTH ROV TER S ND N, BIFFEDO LD
IZABNO MR & L COIGH TRERISEORDYIZ Ale TiHMliT 5, HPT O~X— R HEFEN
0.00846 cm2 THH Z L x#B[ET D &, HPT OXZNHE Pinld 0.295 mW L 725, IEMIZIE. &
BB A SETEB LRV T, R=AMBE TR, HEWINT S ESmEEE 2 R ThERD
RO, AR B COELKHN DR B EEBETH L, HERINT HENmEE KDDL Z &
WFEEL VY, L L2Rs B, JIEICRE UHEED HPT 2AnWs 2 &ickn, K@-DEviEsns
ZIE OREHEI L ERE ISR E 2V b OO, HPT Z6EE 2 i35 = LIXafETH 5, — ik
IRIBRENEROMERE 2 R THAICH W BN D RA-DITRT & 5 72 Alc\Z BT 5% HEE S [A/W]
(2 &0 HPT OFetaf i 247 - 72,
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S — AI C
P.. 4-7
_ Al[mA]
0.295[mW ]

KA-DZBNT, Pold HPT O METH Y, 0.295mW & —E & L7,

S5 X
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GaAs KE5EM & InGaAs/GaAs 2T-HPT Z 441 L 72 KEGFEMBEE) HPT 5k To 5, 2T-HPT

55



DY AT IIFE I ETIHRRIEZBDER L~ AYZ TH D,
Z 2T, GaAs KBEM DT I 2D InGaP/GaAs HPT # &34 %, Z T HERTF 4
DB E VN 100% T2, BELRWGELHL0LTHD,

GaAs Solar Cell

~ InGaP/GaAs HPT | . InGaP/GaAs HPT
X 6.14 =3 v X ERH~AY X615 =I v XLy UHTRARY
GaAs Solar Cell GaAs Solar Cell
] ]
[ \ [ \
— InGaP/GaAsHPT : - InGaP/GaAsHPT
X 6.16 ~~— REMH~ A7 X 6.17 X—RJEH~ A7
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GaAs Solar Cell GaAs Solar Cell
] |

1~ InGaP/GaAs HPT ~ - InGaP/GaAs HPT

- = —

6.18 2L 7 X EMHA~ A7 6.19 subcollector i~ & 7

6.20 X 6.14~[X 6.19 ZELEDLEZ~v AT

T4 F TV RAEOD 3 FEIMERIERT 72012, HPT OX— R EMHA~ 2 7 2i&%EF L=,
L2>L., GaAs KpEM & ERBT AR21L. HPT © 2 ¥FEi{EE L C_X—ABIC LT,

6.5 XIGEEhEEE) InGaP/GaAs 2T-HPT DEIERESR

VEBL S 7= InGaP/GaAs 2T-HPT D47 /A R & KR TF A — 2 T F 5 4 HF(HP4155A)1C &
DE L7z, X 6.21, X 6.22 1%, EDEME 224 L T EBICHIE L7 GaAs K5,
InGaP/GaAs 2T-HPT @ I-V % 537,
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Collector Current, I.[mA]

Collector Photocurrent,
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X 6.21(a), X 6.21(DITKEGEMICEHEHRELZEZ THIE LR THY . 20T T 7164
FeEREE R DI ENT. BB A £ 6.1ICFE LD,

7% 6.1 GaAs KI53E MR D BRESETREE DR

Power Density [mW/cm?] JEHRE IR Isc [mA] B Voc [V]
1. =9.33 0.304 0.85
13=16.33 0.46 0.87
1. =21.00 0.53 0.88
1 =23.33 0.68 0.89
Is = 25.67 0.77 0.90
I = 32.67 0.82 0.90
Is = 35.00 0.89 0.90
Io = 35.00 0.89 0.90
I10=35.00 0.89 0.90

PRI IR B 2 HE N9~ 5122 GaAs KIGEMOEIEER Iso 1TEHRE A L TN+ 25 2 &
(XK LC. BIAREIE VoolIEMNTHEEMT 5, £ 6.1 X0, JMEN 9 (125 26 mW/em?2 (7912
N4 % & BAKCEIE Vocld 50 mV RREEHIINT 5 Z L 23Tz, BEEmIIZIL, BIRELEIX £kTq
O In(Zd DEHMT 50T, 25 mVBREINT 2 Z L1275, £6.1IZEBNT, ¥4 T L6715 8
TIOETREE XN 2 23, BRACEEIZZ L L2y, EERITE ML T E0, ZOEER/ME
SRLNRDoTe, ATV 8 LLETITRIDEIRE DO A e < FEER, PELELICZ
MR B0 -T2, [K6.22(a), X 6.22(b) L 0, HPT OHAIC S A YEOMEOHEME & HiT Ale
FREL 5,

%] 6.23 1% 35 mW/cm2 O Y FR S 58 CHIIE S 4172 GaAs KBS & InGaP/GaAs 2T"HPT 0 I-V

etk 29,

1.00 m Operati int

perating poin
080 1 @o/mm
0.60 s

0.40 » GaAs solar cell
0.20 ¢ = InGaP/GaAs 2T-HPT

0.00 J : : :

0 1 2 3 4
Applied Emitter-Collector Voltage, V. [V]

X 6.23 35mW/cm2 O - IRF TR E T GaAs KM & InGaP/GaAs 2T-HPT @ I-V ikt

Collector Current, /. [mA]
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GaAs KB OERER Isen InGaP/GaAs 2T-HPT O ¥&&E Alc LV &=, X 6.23 D
ﬂE@@ﬁTf{Dé@Jf/ﬁm ROTH T ENTE T, KEGEIMOEAEEN Isc0.89 mA, B

ifﬁza:ﬂr ' Voc 0.9V, FRHAEICETDEBRDER 5.8% Th o7z, KHT] Pnax 0.58 mW, K
H R OEE 0.67V, ﬁfjttljjj OB 0.86 mA., HE#%I%Z(FF)OH Tho, HEIIREETK
B OB EE RS 2T-HPT OYEIR L VU @< 572012, KGEMO i/ EfE)s 0.283 ¢cm? T
X?)Zoo Z 2T, GaAs KGFEMOR—RJg@RRa L/ XEORES & F—E o ZREITKEERD
7O idEE{E SN TIEE 579, HBT OMRED = DICiKkiEfb SN TnW5, I L7 X fgo R—r'
wfweré %, ZALEA 1.0 X 1016 cm3, 600 nm T 5, im\WEEEIAF DD EH O GaAs
KBGEM L b5 & n BIEIEFICHEV[6.21] - [6.23], UL, HHIEWHBHED 5.8 %l
InGaP/GaAs 2T-HPT & GaAs K5 & O#EELRAH 2 OIZ+4r@E0, 35 mW/em? OS5
FE TR R OENE R OB OVEAEIEL 0.87 V., 0.732 mA &l TE 7,

K5 EHERE) InGaP/GaAs 2T-HPT O L& bR, IR 6.24 O K 5 (ST H R 2 3% & L
Z ORATRE 2 2 S, AIE ST,

R 6.24 EBR OB TR A BT, TSR & 250 S, M7 DR OB fE A O
B

6.25. [X 6.26 1%, ZNZFIKEEMERE) InGaP/GaAs 2T-HPT O YeER., JeEE D iRz
DR 2 7R,
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6.26 AWM ERE) 2T-HPT 8+ O RRE IR E DR 77

Photovoltage[V]

6.25, X1 6.26 &V, IR 35 mW/em?2 OEF, JEEIT 0.63 mA, YL 0.81V 3 &6z,
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INHOEITWTNBR 6.23 TRENDIEERDELV /NENZ ERg05d, K 6.21(0). X
6m®_%ﬂ%ﬂlamﬁxI6m®#%%%hékﬁ%m®@%$m&0mwwt%ﬁAk
@ﬁ'ﬁgﬁﬁﬁkf‘i%fﬁ— HPT OJEEFRI KGR OEEER L 0 /NS WIGEIE, ¥ 6.25 T,
BT EIT RIS B OEEERICITVEE 2> TWWD, ZDZ ik, X 6.2 L/Tﬁ‘(ﬁ']/]i@f'tﬂ
BT, EEZ-Y}ME 1. HPT O ERO A2 6T, a7 Z| {/ILﬂL/v’Cb\E)ZKBE%(@ﬁ’5@7'EEE
MEFALTND Z L2 K5, EEMICIE, KEGEmD O HPT IZIXEEO RS S 0D DIED,
BRI KEGEM S a L7 ZIZE RS AND Z &1k v HPT 0)#%‘%753@1?5%5}?&)7”:@@@ HPT
DFE L IT R e > T D, LIz > T, ¥ 6.25 IR THIERIEE T, KB O EE BN HPT
DOIEE LTSNS, 2T-HPT OFRGAEIED L2 /IR 2 M3 5 121K ML) & 136
WEEDH HPT 125265 Ko 2R ECOTRN/MLE L%, L L7ens, HPT (3@
Hmd M7z B AURBER DI 2NO T, HPT 208 OIXKBEEMIZ L 0 EREN LT\ 5 Z & 23R
RES T,

4 6.25 (TR S D K D ITHFREMRW AL, K 6.220)0 = L7 X EERELY | I6%®t
BIAE L 2> THEY | HBERESWIGEIL, TOHITR>TN D, KEGEM THE) L5
HPT & KEGEBHICIIHAEERR®H S B2 bhd, ZOMAERIL, HPT _ﬂﬁaﬁﬁb%wt
BIEATEILIAT, Z LI DAL D, @, 2T-HPT (T3 v X « 2L 7 XIS, T AT NS
TEMESE 2, KEFEMN D OWERPIRNIAT . a L7 ZITEREEANT DERIEAD B
FIET 52810 b, ZOERFICEVEFPT Iy ZITEASH, X=X - =3I v ZHOEE
ZELONENA 7 AT HZ 812700 BRIEDRZ2WIGE L0 b EWEERS IV, £ OERNE
WROERE 2D ETEL D, Thbb, a7 ZERNPEML, 2T-HPT @ I-V FiEE o
Bl 2B EEDNAELT D, Lo T, mEMEWGEIEL, HAEFERICL Y EERIZE L 25,
BORHZHTRE DS Em WG AT, N—ANDOERENEEDL L. = v X ~OFTEARE 2, Eift
AT B BSEALT 5, ZOBRIT, NAR—=F 8T VRZOa Ly ZERBENGEICROND
BRTHH[6.24], LI oT, a7 ZHERMEA L, 2T-HPT O I-V Feik & Hic e BifER N
AU, HRERE WG, HAERIC X BERITKLS 725,

6.6 F&H

InGaP/GaAs 2T-HPT & GaAs K& HPT o=~ v ECHERE L, KGEMEE InGaP/GaAs
2T-HPT Z#{E L7, GaAs KF5EMIL, HfE 0.283 cm2 T, HPT =t'® InGaP @x#&EE & L.
HPT vt O_—2RJg L a2 gcfEflani, BIDLMEN 35 mWiem2 OFf, GaAs KF5HE
MO ELKEFE DT 0.89 mA, BAACEEIE 0.9 V. EH#HLZh=E 5.8 %, Hif K (F.F) 0.72 T - 7=, 35 mW/cm?
DR FCERE DY & R U7 iE, KI5 EMENE) InGaP/GaAs 2T-HPT DSt EHIE 0.63 mA, SEE
£ 0.81V Tholo, BERONEEIITHRICREIZHAI Lz, ZORR LY, GaAs Ki5EMMEK
#) InGaP/GaAs 2T-HPT 2t v —~OISHB#RF SN D, £z, KBFEMmE HPT (ICI3FHA
TER Y& BRI D T-V Ktk b RO 72 BVE R & 1358 e 2 B KB ERE) 2T-HPT (242U %
ZENGhol, EOREE, HPT @jln'fﬁ(nm)iﬁﬂﬂ L. KEGEMOEMRERIIES Z LRI
7o ¥#l2. HPT ® = L 7 ZERMNEWLHEITIE, KGEMOMMELEDAR I v &« aL s ¥
MichG 265 L9 fi@ﬁ%i@lﬁ%#% L%, i, IVEWREAELID GaAs KI5
HERE) 3 v - E1FE InGaP/GaAs HPT 1T 5 K 9 R LR METH 5, 1 1HO K ERM OB HEE
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DOIHNMHPT DT v X« a7 XI5 2 B, Bl 18O KEMO BB D& HPT O
NR— 2 BRI E LTS SN D L) 2RI Lo TRIZSHOMEL 72D,
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E7E HPT ~DOEFHES
7.1 [FEHIC

ASBRTENEEDLENRASLHEIE O~y N7 A MIfibivd At LED OMEL /Ny 7 75
> RO L SIZHEDbETHRIET 58 =1/ —A LED fR6 25 OB % &2 /& HHIC BV €L B AED
e HEROFHEM E LCORM SN S DT, KiEEMEE) InGaP/GaAs 2T-HPT |2 & 7%
MRES & Z OBWED MM SR 2 REET 5, £7-. BFRBH O HPT ~0OEBLZ T+ 5,
InGaP/GaAs HBT FitE~D @ =3 F —E - RBHOFEBII N E TEL L, i ST
W2 (7.1 —[7.5], InGaP/GaAs HPT f#E~D @ =3 L ¥ —FE R ORBIZ O TIHIE & A
EHREF N2, FDT28 . AL TITEFRIBIIZ LD HPT OFHLIZHOWTHND, EHIT,
InGaP/GaAs HPT |Zxf LTI v X Ly Uy v _— 3 O KIETETHRIBS ORIz S0
THMFT 5,

7.2 KIBEEESE) InGaP/GaAs 2T-HPT ADE I RIILX—EFHEBHORLE

GaAs Kp57EMEFE) InGaP/GaAs 2T-HPT % FH A ~OMF 5 7=0lc, B AR /#5258
FHHERET 1 MeV OE = XX —E RN 21T 572, 7/ A 1.0x101%5 cm2 @ 1 MeV E-1-##
% InGaP/GaAs HPT & GaAs KB & &I Sz, HPT IOV Tk, TR ek Bt 5
LI ETITHE SN TV WA, KBEEMIZOWTEEZ OWmERH D, KEDO Y = v M
MNP TN B 2T — XTI RE LT 2o, OFT. BrEhznuzx+a2H5bED
TRNX—RKFEQE T LG T OFNENICKT HHLEDITH S & LTW5D, M #t 4%
RO DERITIELIRD 7 Lo v AMEIFET, ZE —BRCHEEifR EFEA TS, 320
PR ZE ., BT W LEBTFOTRAX—% 37 A—4 & U CH ERRESRERZ EhE L CHRET 5
TEMME LD, FHZEMIIIAWZ VX —HFHOE -, BN FET 50, ERCTRGT
2 DIXFEFRIC E'?éﬂﬂ@%ﬂ: ZHG5T 55 10 keV~10 MeV BEOHIFH & ST 5D, ZHET
DEFRIBINC L 2B DOERTIE, 1 MeV DR /ALX—T 75 %DM FTOKEGEME LTD
1@%%&7»3: Y AEWET H[7.6], GaAs KEHEMIZISVT, 1015 cm2 T 25%DH{LN A B
TWA7ED, AFOEBRTIE, 1MeV T10B5em2dD 7 /)L 229 5[7.6], £7-. InGaAs/InP
HBT O RS O KB Tix, 1 MeV T 2.4 X 1015 cm2 THILA R HALAED T D DT, #ER
g & HICHELL T % InGaP/GaAs HPT OE - HH 2 K A EHMEOSERR CTlX, 1015 cm2 23
EEZ 7.7,

7.1 1%, SERRENREECTEFRE ORI% TO InGaP/GaAs HPT O 2 S F#i{ED = L 7 ¥ ¢
it Ale X O HEE S [AIWZ2 773, B HRREORI% TO 2T-HPT O =2 L 7 X 5t Alcix%
NEh 0.76, 0.71 mA TH %, InGaP/GaAs 2T-HPT O =1 L 7 X WEIHR OB FN 6.6%TH V|

B F D% o QT-HPT Fritidd £ 0 Bk LA & 53 - 7z, SEHRENIREE TE RN O T
» GaAs KEEMO I-V HtE2X 7.2 1287,
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X 7.2 JRRENIREE CERBE ORI% TO GaAs KEHEM D -V Fiit

B HRIRIT% O GaAs KIGEMOEAKERITEI L72< 0.89 mA TH Y . BIKELEZ 0.9V »
508VIZHAD LTLE ST (BAED 11.1%), BB OFI% TO GaAs KIGEMOFEEZ
FKT1ICELEDD, KT Poax?y 058 205 0.45 mW (2 L (B ER 22.4%) . ZEHhEMN
5.8% M5 4.5%ZD L7z (AR 22.4%), GaAs KB OB ETILE FHRBHOPEL H
FVZT TN LT LT, BMEEIZD LB Lz, 202 &%, LEROBD X0 13n;
B OEINC L DA TE 5,
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#£17.1

BT BRI TO GaAs KB OFHE

Open-circuit | Short-circuit Maximum Efficiency Fill Factor
voltage Voc | current Isc power Pnax (%] F.F
V] [mA] [mW]
Before 0.9 0.89 0.58 5.8 0.72
irradiation
After 0.8 0.89 0.45 4.5 0.63
irradiation

7.3@IIHFIRAE T OEFHRIREH ORI % D GaAs KEFEM D I-V Rtk Z 7~ 4, BRI O
WG MBI RE SHIL., WhMEEOHEME &L HIHNT 2, ZOXSICF A4 — RO
LA BRI 5 Z &1d, EZIBITRBT D KM L 208+ UV 7 OBVERNIFER TS %,
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L. &K OFHI 217V, HPT O % mizh#{k L7z, HPT OIRERHESS HPT ~OESM A K
L 2 DAL HPT ~O =3V X — BRI O e 8o X 5 72 HPT OISV T HFE
MiziT->72, SHIC. GaAs KIGEMAZER L, ElR L T7+ M N7 U PR ZZEE S H T,
KI5 aE HBRE) InGaP/GaAs 2T-HPT OFH H~DISH 2 itd 572012, B AT JIHF 7B 4%
TR R —E#% InGaP/GaAs HPT ¥ GaAs KBAEMIZIRE L7z, BB IC X
% InGaP/GaAs HPT & GaAs KI5FEMD LA 2 bt L7z,

& 512, InGaP/GaAs HBT TiZ= 3 v & Ly U8y == g VRN S 022 > TV D8,
HPT ~DRZ WO THONIT D0, =I v F Ly PNy v _—T g 070 N-HPT &
TIvH Ly IRy R_R—2 50D L-HPT © 2 fifH® InGaP/GaAs HPT Z#{/E#L L. 300~
400K DI FEHiFH T InGaP/GaAs HPT O&EAIG p M OV EE SEWE LT, =TI v X Ly Y
Ry v R_R—= 3 VO RIFETIRERFEIZOWT RS, ZOMR LG L7, KRRiER:, L-HPT 1%
B TON—REF T N-HPT £ v & &EEHSE B 28E <. N-HPT 2~ 5% & L-HPT TlL, ~"—2*
B Ip I DI ONRRIREE COEIMAMEG p M OSHEE SI13 kv R&E <ML, L-HPT
DZ IR I, X—RE Is 50 pA TN-HPT D 4 Tdh-7-, “h kv, HBT UL Lic, HPT
T, TIvH Ly PRy o _— g URRERNTH D Z LRGN Lz, HPT OIRERKRTT
PETiX. L-HPT, N-HPT & HICIREN EFH-T DI 20 EiHIE g i3 L7223, 380 K LA ET
Xl HPT O&EFAIS pIZIEEICH £ VIRFE L2 o7z, [ U_N—2EFETlE, & TORE T,
L-HPT O &E#FE f1Z N-HPT OEFFE L LV EL o TEBY, T3 v Z Ly PRy i_—y
a VEEIETO HPT OBEICB W T b A Th -7, £7-. L-HPT 3£ THIEE T N-HPT X
DEWEEREAZRL, =TI v XLy PRy _—1 g3, HBT L EIC HPT TIIA#ITH 5
ZE&EIRLI,

fEHEMERHN & LT InGaP/GaAs HPT 125 2 2R A b L ADEBIZ OV T L7, 7D
N-HPT & 7 {#® L-HPT Z{ER L, |EEVOERTOERWA F L AEROT-DIZ, ZThEih 1
& N-HPT & 1{# L-HPT #i®&A 72, BRAUA L AHMORI%, HPT OEFHANE g KO Alc%
HIE LTz, BERHA NV ADEME LTUIERA FLATHY | A N L ADEREED 37 Alem?
AN T 5 a L s X EiE 60 mA R, HIE T 1R, &IED 420 K T 15 432 HPT 1245
Z b, R TOEKMA b AL N-HPT, L-HPT FEICE L 52 5 DI/hS T &0,
BROA NV AOHBEITEETIESND Z LBy hotz, Ll BRMA ML RICX
% L-HPT ®%5{bid N-HPT O% b L v b 7pinotz, A L RIZE DB EALMNCT D701,
420 K O@IECTOEKIIA L A& HPT 125 272, MR TOA ML ADOBRBEEN 37 Alem?
ThHhH, A MLARFHZ 15 70108 SELICHEADL LT, HRTOR b LA X5 HPT OF
TR g DHALR O Ale DHEIE 300~400 K D2 TOIRERKE TR LN, SETEZNA b
L AHIMOH% O N-HPT D= TOREIZA b L ARNRTE 5 & RE KT L7, N-HPT ©
REWREDITK LT, L-HPT ORI T Lz, 300 225 420K D4 T OIR FE&PH Tk
TOEKMA b LA L-HPT O&EWAIE g M O Ale T2 % 5.2 720, ZHUZxE LT, mimTo
BLIIA L ZAOHMO%D N-HPT @ g KON Al 1 ZREIIRIE L7e 2o lz, DT &I,
N-HPT ~DEKA NV ADFENEIROZEL Y T 52 L1285, LR ->T, =3I v ¥
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Ly Uy o= g VTERMA b LA E 2H a5 o2 HBT UL R HPT TIi3A %)
ThdHZ LEREINTE,

JE— =Y T TOES—Ry NT—7 FHTOLHA%EE 2 T InGaP/GaAs HPT & GaAs
K&z HPT O v ECHEME L, Bl A% HPT Z8E# S5 2 L 2l 7, GaAs X
Bidu & [ U7 = ~— ECERT 2581215, HPT @ 2 @i+ iifE2 i - 72, GaAs KEEMOE
f&1% 0.283 cm2, HPT —t'® InGaP g #%&Jg & L, HPT =t DO_X—2 gL a2 L 7 ¥ g T =
Nz, GO KEGEMOFEAEENLS 0.89 mA, BHAEED 0.9 V, EHEFN 5.8 % Th o7z,
Z OfEIE 2 S FENED InGaP/GaAs HPT #Ei{ET 2 DI+ Th 5, FHISHEZMRFT 5729
(ZUE L AR 0 7ERR SRS C IR S 7 KI5 AE MBS 2T-HPT (2 1 MeV O 1-#it 4 B L7z,
BEAIRIRGNIC X o TREGEMBEE) 2T-HPT 0% {kiddb £ oo Tc, 16> T, KEGEMEE
& 2T-HPT ~DYef s & L CFHISHOAIER R S,

FHIZRIT 5 AT 2 HISEDOBEERE~OIGHZ B, =I v XLy PRy X
—3a D7 N-HPT L =3I v XLy RNy X"—=va0Hh%5 L-HPT © 2 FEEHO
InGaP/GaAs HPT Z{F8 L, HARJE-fHWF7EBH % Tl HPT (2 7L 2 1.0 x 1015, 1.0 x
1016 cm2 D 1 MeV & 7## & B L7z, B H-REIC X 5 HPT O% Iz oW TEERIZR RS & f# AT
ZiTo7z, BH Sz HPT IZEXMA LA Z#ET 5 7-912iX, HPT 2 ET 5 & X2, 5.1
. 52 M CHIINENI-R—RABRLV/NEL By T 47 L, A1 LTOR—RER I 1.
2. 3. 4. 5 pA &L EET, BEFHRENOZ, BRRESOLRGIRE S N-HPT, L-HPT & (2
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FRREHHIZH LTI v X Ly NNy o R_R—= g VOMERH DRRENLS EE 2 BT,

BHRIBEIC X D HPT OBXFHEDOLIC OV T E B2 53Rt a2 1T o7, /2, =3 v
ALy PRy =g DO RIFTEFRBFICOWT LR Lz, =3 v ¥ EUE TOXRME
& SV TORKMAERRED GRELT 5 Z & 257 DIl, =3 v X HfE A% 160,800 pm?
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BN O 7 V= ZAREEINT 5122, &2 TO PAA O/3F%— 28T N-HPT, L-HPT
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#i5 U, L-HPT TIXEAE->TW5, i HPT @ g OZALROEWIZEMEDOE T X % EZh— %
BIEEOE N LV FB S ND, HBEHFEO 2 L7 ZEEROBWTEEOE VLV X, 4
il S 3% FERN N — 2O {;IL&UH@{;IL&T“TOD B OEWVIFRTHEEZON, I v XLy
Ny TN g URNEAFRREIC L 2B OMENCRTH D L FE XD,
£T®7wi/2K£wT\HA®Lﬁk&% il HPT OEFAINS g 134 523, L-HPT
TIEL B D PADIKFEIZ D720, EFRBHEO 7 L AR EN 1.0 X 104 em2 D 7 /LT AT
IERIEIE T OFREEGNIHNTE X v XL THERIICT <, BA OBINZSNFRC N-HPT @ B
PSS RDM, N7 bx A TR MBI —IZER S g 13l HPT T AAIZH
FVERFE L2 725, LiL, L-HPT TR FOMEENEL THLRNOT, KN T7 /L AT
BT PAICHEVIKELRL /2D, W HPT O 2Ly X WEFREE Adc b DB B O PA
SOERIFIEE RS & PAICHE VKT L2, K7V ZAOGEEBETFHRBFHICE VI v ¥
A THOEI v K « R=ZAFEISRIEBER ST WD, XR—2AERAE I v X JELTORH
FEOBIOMEME & HIZHML, g BT 5, UL, JEEIRIC XKV R — X B D &
72 Blh, FfEGORBIIDVRI DB bND, M7V ADGEITELDOH2 5T =
IV HEMFOTI v F « X—=ZFEBIBIZ RGBS d, gAY PA IR < EF#RIREIC
LWL T D, —Ji, AJITE TR LY PAICBRR D325 2 E RN T2,

i HPT @ X8 R fE L2 2 300D, 1.0 X 1014 ecm2 D 7 L 2 A CTILE 74t
MU, d25 um. d105 pm O EMEEREE 12 13D L TR Y | N—XERE LR &
ZATRORWVIFFETH D, MmN T LT AT B OBCROEREERFHITNESL 20 &
MREEEEEA R Z VT E B O IIREL R DB H D, BREERENANR D L, X=X« =3
v A OB EERE S IR0 . BT IS HE OV - 22 2 s il CREA DR 2D, KRIEIC L 5 Ffs
BERNEZDEEZBND, —FH., BRENIANGE., B REEH% o L7 X EREEITIR
XD TAZ LRS-, TOZEIFTINAZ U ABMENEAS L VEETHY , 7L X 1.0
X 1015 cm2 TIXEME 25 nm O 525 HPT TEMME 105 nm £ O BNTETL/NI WD, ZDiE
WE 7L A 1.0 x 104 em2 X 0 [ EZBEEE TldZe W, L-HPT oYtz b 7 2 B & oW iXE ©
B OSE . FRCEmW 7 LT ZADOBE LS TIE N-HPT X0 D7,

BRI X 5 HPT OB bt L L Cid, 7= ZARICE » TR LR BTN R0 |
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Vb AFasCTlE, InGaP/GaAs HPT A /EHRL, FFff, & OFMED SRR & L THNTHIAT
XHZLER L, £, KEEMTEHET S InGaP/GaAs HPT Z{ERL L, MEHEFEEEOENE

94



DHER ST, @ R X — BRI R b IR L TER TV D 2 LR SEFHISH
~bHIFS D,

95



A

KL OFERZ I E 2T T E S o L BRIBE R FIR EXREZ, AEF—REdZ. Kl ZiE
Bz, RIS Ed, NHEMBHEERICERSELE L BT Ed, AL ED LICHTZY | Hix
7B E Z AW BRREE R B0 . WHFI B ez, NI, INRIEBZUCIR B E L £ 7,
FRICHEEE ZHREHEE £ L BERSHE X ORFREHE Th 2 Wik SR B, WHMBHEZRIC
E, REBMERICRY £ L, KR IHRERICE>T-0i%, FIERARE, NEMBEHRO 2
BEICLdE2ABREL, BHOZHEL TV IENWTT,

LR OM L ED HIZHT2Y | AGEFE—RERICEEHE L ET, REBHEEICRY £
L7z, BARBEOHTREMED DIZHT- 0 . MNLITEIEN B AJE 1A 78 B R4 i ey 10
WFFEET (R JIME R FJERT) & JERBFIE L TV a2 & ich D 3 e 5 T8 W E L7z, KRz,
JL IO RS S A, B S ACEEHHZ L ET, ZZ2I0HicbBEb 59, LRFEL TV
REERICHYNE ) TEZNE LT,

AN O ERYREE TREZBE L THRA R I L 2HAX T EI o E T LR & ettt
TR OIAT IR LR L P ET,

Fro. HxDOFERREICTBWTIE, SVBLOMEEM S A, 7/ 7 a3 @) oI 2SI, AR
B R OBRJIEE S AL, P& KPR TOAR 6 FMzBm LT, RARFIINA
WAL TCIHREIAEE . REBMGEZRY £ L, HrREBEO X T 2B\ TR )
EERHEE, HOBNEHI TSNET,

A% OATEE T, 7/ 7 2 () ORifEOIGERRS A, BIREOILHE S A, B EOE T
EHfLS A, HLFES A, BLEWSEHY | FFEETO 6 FEEZTEICHI T ENTEEL
Too REBHEEIZAY F LT,

AW atED 5 272, BIIERI A, BEHES A RIEI S ORI OE L5
EBESETVELEE, b N ) T8 WE Lz, ESBILH L EFE4, £ LT, AWF5E
BCELRE LRI ZE T LR FIELR L P T, firhl L 2#H 0zl
ERBIZHOVNE S T VE LT, ERAR LBV TL, BEREIREWN S E LEEARE
MITIFHEA 7o Z L 2 A THE, FEOEBEWREZNANALFIEL, XA TIEID, Lo bk
WOSHELRTZNEBNET, £ LT, HBT/HPT 7/ v—7 - QTS /L —F DA =L LT
Anil Kumar & A, IS A, LS A, B EA, YUrSAE BRIETFE2EVLZELHD F
Lice RBIZHOVNBES TZNWELE, LT, AFRECTHEBEAE LEREAE T LzFRMA &
LCEBFERIA, EHRESA, ERIESA, TAITESA, EABEKES A, FHBS A,
NFT 2 FS, BEWEIE LAWY, BWERTEREZED L Z N TEELL, /2, F
METHLXZONDZ EIED0 TRERH L TWET, HVNLE I TEVELE, BHEA st
W L2 ZDOFEDL LWEERKHZ 5L EE A,

F 7. A=+ 3 0 Roffi Teuku Mulhammad & A, David Doan & A, &+ 2 4E,
EL1ELER 4 FEOF 221E, RERFEE COATEZEDLT-ODOEREZ/E-> CTIHE | 5
FFRE CTOAIFIZOWTHL RBISZTERE Lz, RYIZHVNE S TSNE LT,

bR oD T a, HDHWVIIRFERE~ T T4 FiT-Ilc M2 Llebivd ix D5
BOITHEEZEATEL T, JFELE SETWEEEET,

96


https://www.google.co.jp/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0CC4QFjADahUKEwjbv5fB6_PIAhVDH5QKHVA3DKA&url=http%3A%2F%2Fresearchmap.jp%2Fread0087329%2F&usg=AFQjCNFPSIcOpGZvY5O3JZy3G81ILnfemw&sig2=J3jTdnhQ1L7nM-SQ5OzvQQ
https://www.google.co.jp/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0CC4QFjADahUKEwjbv5fB6_PIAhVDH5QKHVA3DKA&url=http%3A%2F%2Fresearchmap.jp%2Fread0087329%2F&usg=AFQjCNFPSIcOpGZvY5O3JZy3G81ILnfemw&sig2=J3jTdnhQ1L7nM-SQ5OzvQQ
https://www.google.co.jp/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0CCIQFjABahUKEwiH7vyb7PPIAhWFI5QKHSu1DaA&url=http%3A%2F%2Fwww.tcc.pc.uec.ac.jp%2F&usg=AFQjCNFdDk7R5Aqskfd1b2YMWQaetK0aTw&sig2=W0oJJrX8lYjBX82livZ9vQ&bvm=bv.106379543,d.dGo

&%

[14% A] BFHRBH T InGaP/GaAs HPT O~ A 7 %7
[ 4% B] HPT ~0 & 7RIS 0 52

[+8% C] ~ 22 7 F A F{# A 1E(PEM-800)
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(18 1] A— X v 7 BEfbdEHORE ik

[tk A] EFHREHA InGaP/GaAs HPT N~ 2 7 k&t
A-1. EARMEEHE 26 pm
P/A=0.08 /82 —> DT R Y it
T v XEBRORIETNE 14 pm X 600 pm 10 A0S 72 2 AEM E L, 72— R EMOE
RIZME 14 pm K & 600 pm 11 22 A MAEMR E Lz, = v Z W A7 160,800 ym2 TH Y |
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X A-1.1 PA=0.08 DT 3 v X E WA~ A7 X A-1.2 PA=008 DI v XL v IH~vAY
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A-1.3 PA=0.08 D_X— A B~ A7 A-14 PA=0.08 D_X—RAEf~ A7

A-1.5 PA=0.08 D=L 7 ZE MM~ A7 A-1.6 P A= 0.08 ® subcollector i~ A7

A-1.7 X 8.1~[X 8.6 # i &t L-HPT H~ A7

wIZ, PA=0.14, 0.27, 0.36, 0.43, 0.53 % —2 D~ A7 HFITHOWTIIT 5, £
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— DT v HEM, I XLy Y, N—REWM, X—RAE, 2L XEM, subcollector
A~ A7 13LL EICHBA L7 PA=0.08 X% —> D~ A7 LRILTH D120, ~ A7 OFEMEA%
BT %,

P/A=0.14 /83 —> DI R KET

T2y XEMOIGIRITIE 8 pm £ & 1,050 pm 10 A0S 2 HHAEME L, £72~N— R EHO
FERITIE 8 pm £ X 1,050 pm 11 72 HMHFEM E Lz, = v X [EifE A 7% 160,800 pm2 TH 1 |
JEN R P 2S 22,287 ym Th 5,

PA=014 ~"FZ—rDERPGOEY A7 Z M A-1.8 1TR7T,

A-1.8 PA=0.14 REZ—  DEREDE~Y XY

PIA=0.27T N3 —>2 DI R &3

T2y XEBOIRITNE 8 pm £ X 1,050 nm 10 A5 HMRIEMmE L, £7-X— REMO
JERIIME Spum £ = 1,050 pm 11 72 2 EM & L7z, =3 v Z HfE A2 160,800 pm2 TH U |
JENE P 22,287 pm Toh 5,

PA=027T " —rOERPGOE~Y A7 ZX A-1.9 TR T,
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A-1.9 PA=0.27 OELREDOE L-HPT H~ A7

P/A=0.36 DY R Y &&&t

T X v X EBOFKITNE 6 pm E X 2,800 pm 5 A0 B2 MM EME L, Flo_X—REBOF
RIZME 6 pm K& 2,800 pm 6 K7e HAAEME Lz, = v ¥ mEfE A2 160,800 um2 TH Y |
JE0E P 57,634 pm Th 5,

PA=036 DENELEYRAT %K A-1.10 IR T,

A-1.10 PA=0.36 DENQ GO L-HPT i~ A~

P/IA=043 DT R &Et
T3y ZBBROTRITNE 5 pm £ X 3,360 pm 5 A0SR HMREME L, £/ — X EMOE
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RITNE 5 um £ X 3,360 pm 6 A7 HMiEM S Lz, =3 v X HEfE AN 160,800 um2 TH U |
JENE PH 68,779 nm Th 5,
PA=043 DEREDLE~ A7 #X A-1.11 1271,

A-1.11 PA=043 OENREHE L-HPT H~ X7

PIA=053 DY R KR

T v HXEBRORITE 4 um £ X 4,200 pum 5 A0SR 58 EMRE L, 72— XA EMOE
WM 4 pm RS 4,200 pm 6 A7 MM EMmE L7z, = v X iifE A 2% 160,800 pm2 TH V) |
JE N F P2 85,636 pm Th 5,

PA=053 DEAAF DY~ AT 2 X A-1.12 1TR7,
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A-1.12 PA=0.53 OERAEDOE L-HPT H~ X7

A-2. ERRFEERE 105 pm

T v XEBRORITE 6 pm £ X 1,400 pm 10 A5 72 278 EM  EMREERE 105 um &
L., EF72_X— R EMOFRITIE 6 pm £ S 1,400 pm 11 72 24RFEM BB FEHE 105 pm & L
2o = v XmEE AN 376,800 um2 TH Y | JHLE P2 30,726 pm Th 5,

X A-2.1 =3 v XEMRH~ A X A22 TIvH Ly UH~vAY
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X A-2.3 N— REMH~ A7 K A-24 R—Af@ROraLr ZEH~A7

X A-2.5 2L 7 ZEMH~ A7 X A-26 7 aLy ZH~AY

A-2.7 ERbHHOE L-HPT i~ A7
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- BERE NI & TS, Enter AR ¥ A
< WA IZER R B O & Z A2 Heater /175 0% D 7=, Heater /7129 %
« Heater 1 /17 % 7-®(Z1%. Heater Range 7~ ¥ % {4
- BN DREIE —F75>55’€EU“G High, Med, Low Z#i®5Z L3 T& 5%
« HATIRE A Y)Y 7217 40X, Heater off 18 % &9, Z DR, HINREIX 0%IZR 5
3. L FIFD
cHENED ST, EROBEZLZ 280K Ity T 4 7 LT, HEEOAA »F % ON I
T5
C OIS 280 K272 o7 6 D A A » F % OFF (1235
cBIZERNNVT DAL LNV T P VDD
- /5% OFF 123 %
c B—RyFR T RIS
n—% 1 —R 7% STOP 5%
« Ne 299
N7 2o WERITS
cNe BN XN o726, N2 #HD 5
BRIt R T NIEE -T2, EJREZ OFF 45
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I-1. TLM fI®EiE (Transmission Line Model)
TLM HIE X, M1 T IO RESFEOa 27 FaAWTHIERIT/R Y, —H>DarH
7 by RREITCTEHIE D 2T RIT TEENHT Red 2 1% + Y8R E Ol Rs) 72D T,

A
A 4

I-1.1 TLM HI@E/ % —

R=2R. +R; (I-1)
Thxbhb, HL,

Ry - L

R, =Kt (1-2)
R, -

R, = 3\‘/ (I-3)

TRTIENTED,

4 Rsy: 227 NETUND T — MEHL Ny FiEO > — ML) [Q/D]\
Rsg: v %7 NETOY— MEH [Q/0O]
Le: iR leml
W:=av227 k% Rig [em]

(_ {73y FEOHR  [em]
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x=0 x=d Rgg -dx

MI-1.2 RGEEMmZ W72 & & Ok Bl ORkT

Xy R OEFLALBERE L, Ny RO R &)y NHERE 7 & OBEMBEFRA R ENL,
HE)D, R/ W, REWOEI T BZENEI 2Re, 1 ¥hOUIF B —L, ThHDT, ZOHEZH
WCHERET Re 2 RDODHZ LN TE D, 22T, Rsu=Rsg EIE L., d>>Lt TEERE T
B DE DA TEZ D EMRET D & BEABEMEGUIBROmN 5H 7 OmfE (L W) &
B2 00T b DO TRITZENTEHDT,

pe =Re L -W :%- LW =Ry -L° (14

ThHExbND,

I-2. CTLM #I7Ei% (Circular Transmission Line Model)

I-1.1 O XS ITRF IS THEMIRGL A NE T 5 HIETIE, a2 7 b=y P TOEG RS AL
BHHEDORERIZEET 20T, ZOBMERETDZOICAVBEIZT LMNENH L, £DI
D, TONRE = NIAY Ty F Ul B EL T AT ko TRIE L2 uEze 59, FIENEM
Thod, ZOHEMIZRET DO F—2% Y 7RI LT TLM JIEED CTLM JIEETH
V. KV IERERBENTANATRE L 72 D,
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I-21 CTLM fIE % —>

CTLM /E”E&Cﬂﬂb\é ) 3/7#(0)/\(’&»—‘/75_» I-2.1 @:%—g—o - ® CTLM @UE%%V‘@ L %4:@
ot RIFKATH A5,

R= R |:Lt(i+i]+ln(&):| (I-5)
2r a, a

Rsy: =527 NE TSSO — MEFT [Q/0]
ar: VU 7NEE
az: Vv JHE
Le: otz [eml]

[cm]
[

cm]

F/-, d=az- a1t BE, as. ar>>dThHDHEL, R(GHDFE 2HAICHONW T~ a—1 VE
a2 7709 ERT-6)D L 5 ITERITX 5,

(vl

K(I-6) % RA-HNRAT D L&
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Temperature Dependence of the InGaP/GaAs Heterojunction Phototransistor
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APD 7NF Y74 bFAT—FofbY) bk
Meigs & LTI s Cw 5 [1). 4512, HPT i, &
BEEANTOEENI R—=F T VA% (HBT) %
flio/T7FuareF1 V7 VK EEFRLLTVEW
IFEE DD, TNFETICHPT & AT OEAN
AR=F b7V R% (HBT) %H LR EIE
L, B0 HPT o)) % HBT OHlFEzG TH
ME$ 2 IAH O a2 S E S 7z [2).

ko Ye@E s o HPT OB TR, L—90
L9 LHEANITHT DICAFERE L % 55, KIFFET
i&, InGaP/GaAs HPT @ _LikdyifE 555 T H
DX HHEETII R, 4BRFEIS T 5 ENHENA
RLHBPHEDONY T4 MIEDbN S S LED DiE
BNV TS5 FOMDL SITEDETHET 2E T 4
V¥ =R LED 8 0% & QEEICEWT, A
KT BB E AT 5.

HBT [#, HPT b AlGaAs # T I v ¥ 2L/
AlGaAs/GaAs HPT " FETHh o795, =3I v ¥ - N—
AFACTRTEANDERE L 7 2EHOF 71y b %
Ll T57200 AIEDO S L —F 1 ¥ ZFIPLET
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#C/ InGaP/GaAs NT U7 + P b T ¥ VA Y OWREFE

bV, 72 AlGaAs & GaAs DIy F 7B 5 5#
REPL 2 O TIERPE S TI 2w EOBET,
IE4EE, InGaP/GaAs HPT OWFEHZEA L DA &
ZoTw3 (3], [4].

HBT &, Z£OHRMESEEICKE CEAFSh, &
BRI COBBN T > TH EHERHSND 720, IRE
FREOREIIEE L 2> T\ 5 [5],[6]. L»L, HPT
DIREFFEICOVTIRITLALHE SN TR, R
f7ECld, InGaP/GaAs HPT #1E8 L, 2D HMY
3 B 2K S OIRERREE S, T L 72,

F7:, HBT IZBWTIE InGaP =3I v ¥ O— %
KL, BiRE GaAs MR- 20ZF L2 LT
B2 LN AKETOFMEIM L, HRFIAGZ
o, BRWA ML AL 254 sEn 2L
WINFTOMIET, 8] LhHSENTBY, 0L
HIIvF Ly TNy R=T 3 riE, InGaP/GaAs
HPT T %7, A%ThHL I LMHEEN TS [4].
A TIE, TIv ¥ Ly Iy R—=T 3 yORIT
FIREEFFEIZ OV TOFN, ZORR & ME L7z,

2. InGaP/GaAs HPT DOfE& & 5T

InGaP/GaAs HPT ®» T EiEid, £1I1RT &
912 S.I. GaAs ZEH (100) 1 _E A SR ILS A K
Kt (MOCVD) (& 0 ik & ic—fi 2w B H
InGaP/GaAs HBT Db DTH 5.

COIEERER, Yy hITvF UL b
DA Tt AE M, HPT 2/ L7, £/, HPT
SHEHEREL, LBREBOLOIITIVY
DO KE L, —fICT I v ¥y Ol k&L
THLIIV YN TORBBETVRERLT L E2D
T, T3y EMOPIRIIK 1 O L) IZIE4pum £
2100 pm 10 A5 7% 5 < LEEMmRE L, AN—2
BROILIKILNE 4 pm £ S 2100 pm 11 KA 5742 5 <
LEIFEM & L7z, ARUFZE CER S 7z InGaP/GaAs
HPT O3 v %44 XiF 300,000 pm? TH Y, #EHE
» 100 pm® DL I v ¥ ¥4 X% L2 HBT [7],[8] &
H2 & 3,000 EREEK S V.

Kz, FEROFIEIZOWTHEIICRNS, ¥, 7
by, ¥ VTG EIT o 7T VIR IS
)7 b+ 710k TE Iy ¥ ER (Ti/Aw) %K
L7, 2oz Ivy@EME~AZ L LT, InGaAs
&, GaAs & % Z L Z 1 H3PO4:H202:H20 J2 O
NH,OH:H502:H,0 T, InGaP /& & HCI % %
WOEBIRIIC Ty F 7L, R—AKREEHFEH S W7z,

#1 HPT TE% ¥ 7 Vi
Table 1 Epitaxial structure of HPT.

Doping .
Thick
Dopant level |c§ness
[em?] (Al
Emitter Contact [n-InGaAs si 0.5 2.0x10"° 500
n-InGaAs si 005 2.0x10" 500
n-GaAs si 3.0x10" 1000
n-GaAs Si 3.0x10" 1000
n-GaAs si 3.0x10" 50
Emitter n-InGaP si 0.48 3.0x10" 300
Base p-Gals c 3.6x10"° 300
Collector n-GaAs si 1.0x10' 5000
n-GaAs si 3.0x10" 200
Etch stop n-InGaP si 0.48 3.0x10" 100
SubCollector n-GaAs Si 3.0x10"° 4000
i-GaAs - 100
i-AlGaAs 0.2 — 200
i-AlGaAs 05 - 1000
i-AlGaAs 0.2 — 300

Sub-Collector=
Base, Collector[&

Base-contact

AERRAEAEREREN I
o E
2 -t
= 5 | 2100um
aQ 9
5] (<]
'.‘ k=4
3 3 2100pum
35 =
T S
a

AEEEEEEEEN _
Emitter-contact Emitter[Z

M 1 InGaP/GaAs HPT il
Fig.1 Top view of the fabricated InGaP/GaAs HPT.

N—= A B3O T, InGaP & GaAs DTy F ¥ 7
BEARECELZ HClEHWAZ LIZLD, X—2F
A —=NTyF 73 A5IERLICZI v AV R
g B EHNTE L. AlGaAs/GaAs HPT TlE, @\
BARMED Ly F 2 RS, N—=R@et+—Ly
FUTETIIR—ADHBLE T 200K ETH 5.
RICFEM L 7eN— ZAKMIIR— 2 EM (Ti/Pt/Auw)
VT MEFTICEDBHRL., X=X, TV r
MLTCAY Ty F 7L, ¥7aL sy agEHSE7
ZOFRMIZ, L7 & EM (Ni/AuGe/Ni/Au) %%
HFL, nBlA—3Ivrary s roOREETo72. W
TaAL 7Y OB LALRLT WL I, TEREICE,
Iy TAL I IOMICZyF ANy TREE L
THEVWEHEEDO n £ InGaP B%ZiEA L7, InGaP &
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D Contact

n-InGaAs, GaAs Emitter

n-InGaP Emitter

p-GaAs Base

ﬂ n-GaAs Collector |_|

n-GaAs Sub-Collector

(a) Normal-HPT (N-HPT)4# &%

D Contact

M W

p-GaAs Base Ledge Passivation

ﬂ n-GaAs Collector ’_I

n-GaAs Sub-Collector

(b) Ledge-HPT (L-HPT)H% &[]

2 InGaP/GaAs HPT Hii#
Fig.2 Schematic cross sections of (a) Normal-HPT
(N-HPT) and (b) Ledge-HPT (L-HPT).

% HClEH CBIRMIZ T v 7 > 7 L7242, 20nm 721)
Y7avryEELyF L, TORMMI ALY
BHWETEB L7, SOXHIIMERLE-ZIv I LYY
Ny Y R—=2 3 D%\ N-HPT (Normal-HPT) ®
WX % X 2 (a) 12787,

IT3IvH LIy R—T3arid, InGaAs &
N GaAs T3IvFRBEIIVvIEMEEHAO < A
7 &2 HwT, #EFN 3H3PO4:H202:25H0 K O
3NH,OH:H202:150H20 # HHWTE& Ty F 7L
72. Z0 L XD InGaAs U GaAs DL v F v 7FHfE
1$4512 200 nm/min TH o7z, FDH%, I v ¥ EM
EBEVETIZIvIL Yy Uy YR—=T 3 YIEEHO
Y27 % AWvT, HCLEHET 30nm @ InGaP f& & 43
TLyFr 7Lz RSN nIv s Ly Iy
N—3 3 % L7z L-HPT (Ledge-HPT) DI
K 2(b) IIRT. MO XkHIZLy VIEE5um &L,
N—ABHEHOK 50%% InGaP =TI v ¥ Ly I8y
YR=Ya v THEoT. Z0H%O T O AL, N-HPT
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EFRBETH 5.

1. TRz & 912, KAFFETIE, HPT O &K%
HENDILHZHN E T 5720, LRI
BREEZ —£ & L7z PHILIPS #o0 a4y v 507 (B
JE 15V, #E 150W) 2R L. V774 M7
A FEHWTT v 7O HEIBIESE 74cm FO G
BRENY 2 5A L )12 L7z, HPT OXN— R D
0.00846cm?® TH B Z L ##ET 5 &, HPT Ok
WREE P, 13 0.205mW & %25, EREICIE, & EM
EHIZEBL 2 VDOT, N—A@EBETIEZR L, Hek
W 2 FERERE A Z 2 BT NE% S D, SREMK
BT CTOFESFOFEELR E 2 ZET 5 L2 WINT 5
FRWfE A RO L L3 L. LA Leds, JE
IR UHED HPT # WA Z Lickh, (1) &
FHE SN D IR OFEXMEIX IEMEIRE R Wb DD,
HPT SR L BT 52 2 LI3THETH 5.

el & N7z HPT OFEICIE, N— 22 BT % 2
Wi, HBT ® X ) ICR—=AF/HIZL 5 3 W TEER
DN, BATEPELND 3IHTEIMER 1T 72 [4].
EERTIE, FEEEH, ERSNZZHPT O I v
FERO AL 7 5B E KN — AN T AETICB W
TERST X =5 T F 5 4% (HP4155A) 12X D)
WE L7z, BEFICE 227 5y EBiROENG Alc
(BFIKRE (Dark) & GHEGTIKRE (Light) oL J1E IR
(Vs 5 &ER) 0%) 2k, X (D) IWCRTLI%
Al [T 5200 S[A/W] 12X ) HPT Off
PTG 247 - 72.

AIC

P;

_ Al [mA] ()
0.295 [mW)]

X D) IEBWT, Py, & HPT OZRMETH D

0.295mW & —~ETdh5b.

3. EBRERRUEER

3.1 HPTOSRBEEELEII v ALy Ity IN—
a3 DORER

M3, M4, ZhENRREE, SBREIRETO
HPT ox 3 v ¥ ER-EEHELRT. AL L
TNR—=ANA T AE Ip % 10, 20, 30, 40, 50 uA
ALY, £ Ip REELTCIL Y - I v 5]
DEE Verp 2 0005 1.5V IZELLEE, Vop ISHT
53V 7 YER Ic *WELITHRTH 5.

I3 v S EOME, HBT OMikld—ikic (2) i
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1.50 “N-HPT Dark
1.25
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0.00

-0.25 . L L
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3 WHIRRETO N-HPT & L-HPT D&
Fig.3 Common-emitter I-V characteristics of
N-HPT and L-HPT in the dark.
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X 4 SEEEAHKEETO N-HPT & L-HPT OEXUSE
Fig.4 Common-emitter I-V  characteristics of
N-HPT and L-HPT under the optical illumi-
nation.

30
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fliap
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A= 27 AFEH, [nA]
5 BERETO HPT O®ERHAE 8 ON—ZNA T X
Wik I Hetet
Fig.5 Dc current gains for various base bias currents

of N-HPT and L-HPT in the dark. The cur-
rent gains were calculated from Fig. 3.

L pon

N
T
222
—
Kg Ig Ry
B E

6 ~N—ANA T AZEREE M5 = HBT/HPT
Ot ] %
Fig.6 Equivalent-circuit model representing a 3T
HBT/HPT with the base biased by a current
source.

RENLERMEG 3 TEHEENS.
Ic

B:j; (2)
COBFHMNE B1F, F5ITRT LI ITRN—ZANA T2
BIRIHAFT 5. HPT OHfr, #hTHR5S &) II~R—
ANA T ABFIEEE SN TH WAL Y HPT N
EBON— ATETAHEINT 2 72, SEHRFHR I FETRF
5 B PERSINT, BIRETOAERALG B ILER
EN5.

L-HPT {34 CDR— AL 7 AHBH T N-HPT &
D LEEAE B AE L, N-HPT 12lbX% & L-HPT
T, N—=ZANA 7 ABFREINT 2 12O NEHRFIE
BEYRELHWMT LI EDGHDE, TIvFLy Y
Ny ¥ R—=3 3 v O InGaP/GaAs HPT ~DEED
P, BOICXVBRRONT WA [7]. EREhT:
HPT BRiEO L) ICzI v ¥ OFBENEL, Eig
JED GaAs N— AEHFEH LI-RKTOEBZRNICE T
NB7-OHEEBERMSEL, BnFE 8 2MKF T 5.
L, I v R=RABEASTOEMEAERITIE
INATADWRKEL 25 EPHERICHNTIS RS
7o, BRAHFEEAT 5.

KHGFFREDO I L 7 ¥ EROMEHTIZ 6 O Tan 5 D
HPT o =5 F-4Mm s 4] 2 v 2.

2T, Rp dx 3 v ¥k, Rp EX— AP,
Re \da L s ¥4, Iic BN L2 Y&, Ly &
N—=2R - 2Ly ¥ BOEZRBIERSI NI LERLTH
B, BEIRAE L HRSTIRAET Tp 13 Rp 2 LGNS,
FHREHIRRE TR —Z - T L 7 FBDZBZBITER SN
ToRER Ly (& B’ BIZEAIAR, £D% Rg & Rp
T SND D, BRBOBE, L 120E%Y, &
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B Ly L ORTHN—ANA T AER Ip L L bIC
I3 v - N=AFEIHAD. LA - TC, B
BLIREETIE, HPT WESO N — AEFfIZN— 2L 7
ABIEN=A - TV 7 ¥ HOEZRIZER S NG
B Ly, OFIE Y, SGREEOI L 7 Y& Ic &
FREIC L2 3L 7 ¥ BROEMNG Ale ZROKXT
H2oNBZ LIlhb.

Ic =Irc + Ik
= B + Ipn) x [Ip + Ipn] + Ipn 3)
Alc = B(Is + Ipn) X [Ip + Ipn]
—B(Us) x Ip + Ipn
= [BIb + Ipn) — B(IB)] x Ip
+ B8(Ip + Ipn) X Ipn + Ipn (4)

X (3), @) » B(Ip + L), BIp) &, #hZh
HPT WO N~ X BHA Ig + Ly, Ip DHEO L
EORIRFEETD B THAH. M5 L) RN=2A N1 7T
ABRO¥INE & S ICEBRAG g 1ZBMT 50T
K@ OFE1IHIEE RS, LdoT, X (4) &
D, BRFEICE DT R— AN T AERIE, LR
BHIRE O BEIRAED W U CTH 2 4%, JMEH Iz~ —
A -aL s % pnHEETERSNEHERICIAZ T,
(BUs + Ipn) = B(IB)] x I + B(Ip + Ipn) X Ipn D&
WAL S ERE LCHREL h R5Bons 2
ENGMB. Tx NFAF = FOBEONRER Ly &
DI B PICRE VBRI & 28Rk HPT TIdE 5
N5 EEHLE2THS.

BN— N4 T AR Ipg TAL 7 ¥EH o H¥a
L7 % - 3y YBOEE Vop \[IKGFEET, fafld
LR CHlE Sz Ale RO (1) TEIE SN D%
FRERE S D= ANA 7 ABFAMAENEE 4 7 1RT.

N—=2ANA 7 AEi Ip DI 512on, Sk
MY 5. L-HPT O GEEL, X—ANA 7
A EH 50 A T N-HPT @ 4 v, X—2Z - aL 2
¥ OZeZRETHR SN DLERIE, L-HPT & N-HPT
BFALTHHELTY, TL7 ¥ IZHNLERKI,
L-HPT O 52528, 20 &id, B5 1%
ENB &) IR C ORI 8 A L-HPT OF758
K&, K@) D1, 2HAN-HPT L h REwZ
EI2E B BURR VDI, BIRED L-HPT OB HF
8 BAIN—ANA 7 AEH 10 puA O & &1, N-HPT
DNR—= AN T A 50 pA OEFFE 8 L /&
WS, L-HPT OZNEE S 13, N—ANA 7 AEi
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ABSTRACT

In this paper, we discuss the characteristics of the InGaP/GaAs heterojunction
phototransistors (HPTs) before and after the electrical stress at room temperature and assess the
effectiveness of the emitter-ledge passivation. Although an electrical stress given to the
phototransistors by keeping a collector current density of 37 A/cm? for 1 hour at room
temperature was too small to affect the room-temperature common-emitter current gain and
photocurrent of both HPTs with and without the emitter-ledge passivation, they showed a
significant decrease at 420 K due to the room-temperature electrical stress. Nevertheless, the
room-temperature common-emitter current gain and photocurrent of the HPT with the emitter-
ledge passivation were still higher than those of the HPT without the emitter-ledge passivation.
The effectiveness of the emitter-ledge passivation against the electrical stress was more
significant than that on the current gain in the dark. In addition to the electrical stress experiment,
for a potential application of the InGaP/GaAs HPTs in space, we will irradiate the HPTs with 1-
MeV electrons at the Japan Atomic Energy Agency. Both current gain and photocurrent
decreased significantly after the electron irradiation. In contrast to the electrical stress, the
damage due to the high-energy electron irradiation is a bulk-related phenomenon, and the
emitter-ledge passivation does not seem to suppress the degradation.

INTRODUCTION

A heterojunction phototransistor (HPT) is very attractive compared with photodiodes
because of its good compatibility with a heterojunction bipolar transistor (HBT), high
photoresponse even at low bias voltage and immunity from avalanche noise [1] - [3]. Since
InGaP has an advantage over AlGaAs in the material properties and fabrication process, the
InGaP emitter has been actively employed to replace the AlGaAs in the AlGaAs/GaAs HPT [4].
The emitter-ledge passivation of the external base surface has found to increase the current gain
of the GaAs-based HBT and suppress the electrical stress-caused degradation [5] —[13].
However, there is little or no study on the electrically-stressed InGaP/GaAs HPTs. In this paper,
we compare the performances of the InGaP/GaAs HPTs with and without the emitter-ledge
passivation and assess the effect of the emitter-ledge passivation on the stressed HPTs.
Furthermore, InGaP/GaAs HPTs are expected to be potential applications in the space-based
communication systems. Therefore, reliability of HPTs when exposed to high-energy radiation is
of major concern. Although the radiation effects on HBTs have been studied extensively [14],
[15], to our knowledge there is no study on HPTs exposed to high-energy radiation. In this paper,
we also report the effects of high-energy electron irradiation on the characteristics of
InGaP/GaAs HPTs.



EXPERIMENT

The HPT epilayers were grown on S.I. GaAs (100) substrate using metal-organic
chemical vapor deposition (MOCVD). The HPT epitaxial layer structure consisted of the
following layers: an n-GaAs : Si (400 nm, 3.0 x10"® ¢cm™) subcollector, an n-InGaP : Si (10 nm,
3.0 x10"® cm™) etch stop, an n-GaAs : Si (20 nm, 3.0 x10"® cm™) subcollector, an n-GaAs : Si
(600 nm, 1.0 x10'® cm™) collector, a p'- GaAs : C (90 nm, 3.6 x10" cm™) base, an n-InGaP : Si
(30 nm, 3.0 x10"” cm™) emitter, an n-GaAs : Si (5 nm, 3.0 x10'® cm™) emitter, an n-GaAs : Si
(100 nm, 3.0 x10'7 ¢cm™) emitter, an n-GaAs : Si (100 nm, 3.0 x10'® cm™) emitter contact, an n-
InGaAs : Si (50 nm, 2.0 x10"® cm™) emitter contact and finally an n"- InGaAs : Si (50 nm, 2.0
x10" cm™) emitter cap layers.

Although the structure and design were similar to the HBTs, the emitter area was 160,800
um?, which was larger by more than four orders than those of typical HBTs [11], [12] in order to
increase the collector photocurrent. The emitter and base structures consisted of 10 and 11
finger-shaped electrodes, respectively, each with a size of 4um % 2100um so that the effective
emitter and base area exposed to light could be large without causing emitter crowding.

The fabrication process of the InGaP/GaAs HPT was the same as that of the
InGaP/GaAs HBT, and included photolithography, vacuum evaporation, and wet chemical
etching. First, the patterned emitter electrode was formed by liftoff of the deposited Ti/Au layers
without sintering. Using the emitter electrode, the base surface was exposed by mesa etching of
the emitter contact and emitter layers. The solutions of H;PO4 : H,O; : H,O and NH4OH : H,0; :
H,O were used to etch the InGaAs and GaAs layers, respectively. Undiluted HCI was used to
etch the InGaP layer until the base layer was exposed. Due to the high selectivity of HCI for
InGaP etching, the base surface was easily exposed without over etching the GaAs base. The
base electrode was then made by liftoff of the deposited Ti/Pt/Au layers without sintering. The
mesa etching of the GaAs base and collector layers was carried out to expose the subcollector
surface. Following the base-contact formation, a multilayer of Ni/AuGe/Ni/Au was deposited on
the patterned resist on the subcollector surface to form an ohmic contact to the collector without
sintering. Finally, the subcollector layer was etched down to the S.I. GaAs substrate for isolation.
An emitter ledge was formed by leaving a portion of the InGaP emitter in etching of InGaP, as
shown in Fig. 1. The emitter ledge covers the surface of the external base at the emitter edge and
suppresses surface recombination near the emitter edge shown in red. Without the emitter-ledge
passivation, the surface at the emitter edge is strained and subject to defect formation [5] —[13].
In this paper, the HPT with and without an emitter ledge are referred to as the L-HPT and N-
HPT, respectively. The width and thickness of the InGaP emitter-ledge were 5 um and 30 nm,
respectively.
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Fig. 1. Schematic cross section of the InGaP emitter-ledge passivation.

The common-emitter characteristics of the fabricated HPTs were measured in the dark
and under illumination by an HP4155A semiconductor parameter analyzer. The photoresponse
was characterized under illumination by measuring A/, which was the collector photocurrent
resulting from illumination with a halogen lamp. The power density of the lamp was 35 mW/cm®.
It should be noted that although the phototransistor is often characterized by the optical gain
using monochromatic light, we are interested in comparison of the N-HPT and L-HPT, not in the
optical gain value. In addition, we assumed that if A/c was higher using a white light source, it
should be higher for a monochromatic light with any wavelength.

In the electrical-stress experiment, the collector current was kept at 60 mA,
corresponding to a current density of 37 A/cm?, for 1 hour at room temperature. In the high-
electron irradiation experiment, which was carried out at the Japan Atomic Energy Agency in
Takasaki, the electrons accelerated at 1 MeV were bombarded on the HPTs. The fluences were
1.0 x10'° and 1.0 x10"® cm™ by keeping current at I mA, corresponding to a rate of irradiation of
1.65 x 10" cm™s™, and adjusting the bombardment time. This irradiation rate is low enough not
to increase the sample temperature during the electron irradiation. The DC characteristics of
HPTs were measured in the dark and under illumination before and after the electrical stress and
electron irradiation by an HP4155A semiconductor parameter analyzer.

DISCUSSION

Effects of the electrical stress

Figures 2 and 3 show the room-temperature common-emitter characteristics of the N-
HPT and L-HPT, respectively, under illumination before and after the stress. The base current /p
was varied from 5 to 25 pA with 5 pA per step. The base current was low enough not to
electrically stress the HPTs during the measurements. For each I, V¢ was increased from 0 to
1.5 V with a step of 0.1 V.
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There seems to be no significant effect of the electrical stress, as seen in Figs. 2 and 3.
The electrical stress was found to be too small to affect the room-temperature photocurrent of
both HPTs. However, the photocurrents of the L-HPT before and after the stress are higher than
those of the N-HPT. Higher photocurrent of the L-HPT owes to the emitter-ledge passivation.
Since the photocurrent generated in the base-collector junction increases the internal base current,
the increased base current increases the current gain [5]. Therefore, the overall photocurrent in
the collector is increased by the emitter-ledge passivation, which decreases the surface defect
density and suppresses defect formation at the emitter perimeter by the current stress.

Figure 4 and 5 are the collector photocurrents of the N- HPT and L-HPT, respectively,
before and after the room-temperature stress measured at room temperature and measured at 420
K. At an elevated temperature, the photocurrents of both HPTs decrease even without the
electrical stress, and no significant difference is observed in the photocurrents of the N-HPT and
L-HPT at 420 K. The effect of elevated temperature seems to override suppression of the surface
recombination at the emitter perimeter by the emitter-ledge passivation. The room-temperature
stress was too low to affect the room-temperature characteristics of the L-HPT and N-HPT, but it
decreased the collector photocurrent of both HPTs at 420 K, as seen in Figs. 4 and 5. The effect
of the electrical stress is enhanced at elevated temperature.

The degradation of the HPTs’ performance at high temperature due to electrical stress is
thought be associated with defect formation. There may be two types of defect formations; one is
defect formation at the InGaP/GaAs heterointerface, and the other is defect formation at the
emitter perimeter [9], [10]. The emitter-ledge passivation is effective in suppressing the defect
formation at the emitter perimeter, but not at the InGaP/GaAs heterointerface. As the substrate
temperature increases, the injection of holes from the base to the emitter increases, resulting in
the increased space-charge recombination via defects at the InGaP/GaAs heterointerface. Hence,
the performances of both HPTs before and after stress degraded more at 420 K. Although both
the N-HPT and L-HPT degrade after the prolonged room-temperature stress, the photocurrent of
the L-HPT is still higher than that of the N-HPT.
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Effects of the high-energy electron irradiation

1-MeV electrons with fluences of 1.0 x10" and 1.0 x10'® cm™ were irradiated on both
the N-HPT and L-HPT. The base current /3 was set smaller than that used in the electrical stress
experiment to avoid unintentional electrical stress on the electron-irradiated HPTs. The DC
current gain fs of the N-HPT and L-HPT measured at room temperature were plotted as a
function of 7 in Figs. 6 and 7, respectively. The collector photocurrents of the N-HPT and L-
HPT are shown in Figs. 8 and 9, respectively. In the electron irradiation with a fluence of 1.0
x10'"® cm™, the fs of the N-HPT and L-HPT are almost 0, but the photocurrent is barely
observed in both N-HPT and L-HPT. The irradiation with a fluence of 1.0 x10'® cm™ causes
fatal damage in the HPTs, and the effectiveness of the emitter-ledge passivation cannot be
discussed further. In contrast to the irradiation with a fluence of 1.0 x10'® cm™, the photocurrent
of the L-HPT is still higher than that of the N-HPT after the irradiation with a fluence of 1.0
x10" em™. Unlike the photocurrent, the s of the N-HPT and L-HPT, which assess the
transistor performance in the dark, are almost identical after the irradiation. The high-energy
electron irradiation forms a great number of recombination centers not only at the emitter
perimeter but also in the area of the HPTs and increases the base current. In the case of
AlGaAs/GaAs HBTs and InGaP/GaAs HBTs, recombination centers are formed in the area by
the irradiation than at the perimeter [14], [15]. A slightly higher photocurrent of the L-HPT after
the irradiation may be still attributed to the emitter-ledge passivation’s effectiveness. In contrast
to the electrical stress experiment, there seems to be no significant effect of the emitter-ledge
passivation. However, a systematic study with various perimeter-area ratios is needed for
detailed analysis.
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The effects of electrical stress and high-energy electron irradiation on the performance of
the InGaP/GaAs HPTs were studied. The room-temperature electrical stress was too small to
affect the room-temperature characteristics of the N-HPT and L-HPT, but both the current gain
and collector photocurrent decreased significantly at 420 K. The effect of the electrical stress
was enhanced at elevated temperature. Nevertheless, the degradation of the L-HPT due to the
electrical stress was lower than that of the N-HPT. The emitter-ledge passivation suppresses the



formation of recombination centers and is found to be more effective than that reported for the
HBTs. In contrast to the electrical stress, there seems to be no significant effect of the emitter-
ledge passivation. The performances of both the N-HPT and L-HPT degraded significantly after
the high-energy electron irradiation. The degradation seems to be a bulk-related phenomenon
rather than the perimeter-related, and the latter applies to the degradation due to the electrical
stress.
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Heterojunction Phototransistor
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Abstract—Although the effects of electrical stress on the perfor-
mance of InGaP/GaAs heterojunction bipolar transistors (HBTs)
have been widely studied and reported, few or no reports on
the InGaP/GaAs heterojunction phototransistors (HPTs) have
been published. In this paper, we discuss the phototransistor
characteristics before and after the electrical stress applied at
room temperature and at high temperature, and assess the ef-
fectiveness of the emitter-ledge passivation, which was found
to keep the InGaP/GaAs HBTs from degrading at higher tem-
perature or due to electrical stress. A room-temperature elec-
trical stress was applied to the HPTs by maintaining a current
density of 37 A/cm? for 1 h at room temperature. The electrical
stress was lower by two to three orders than the stress usually
applied to the HBTs for the stress study and did not cause sig-
nificant decreases in the room-temperature current gain and pho-
toresponse, but it significantly degraded the characteristics of the
InGaP/GaAs HPTs at 420 K. In order to accelerate the degrada-
tion, the high-temperature stress was applied to both HPTs with
and without the emitter-ledge passivation at 420 K. Although the
current density was the same and the stress time was reduced
to 15 min, the high-temperature stress significantly decreased the
current gain and collector photocurrent of the HPT without the
emitter-ledge passivation over the entire measurement tempera-
ture range of 300-420 K. The emitter-ledge passivation suppresses
the recombination via defects at the emitter perimeter and is found
to be more effective than that in the HBTs.

Index Terms—Heterojunction phototransistor (HPT), InGaP/
GaAs, emitter-ledge passivation, electrical stress, temperature
dependence.

I. INTRODUCTION

ETEROJUNCTION phototransistors (HPTs) are more
attractive than photodiodes since they can be easily inte-
grated with heterojunction bipolar transistors (HBTs), provide
a high photoresponse even at a low bias voltage and are immune
from an avalanche noise [1]-[3]. In particular, the GaAs-based
HBTs and HPTs with an AlGaAs emitter demonstrated a high
performance. Recently, the InGaP emitter has replaced the
AlGaAs emitter in AlGaAs/GaAs HBTs and HPTs due to its
superior material properties [4].
The emitter-ledge passivation of the external base surface
has found to increase the current gain of the GaAs-based HBT
and suppress the electrical stress-caused degradation [5]-[13].
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TABLE 1
EPITAXIAL STRUCTURE OF THE HPT

Doping

Dopant level Thlckgess
fem™] [A]

Emitter n-InGaAs Si 0.5 2.0 x 10" 500
Contact

n-InGaAs Si 005 20x10'8 500

n-GaAs Si 3.0 x 1018 1000

n-GaAs Si 3.0 x 1017 1000

n-GaAs Si 3.0 x10'8 50
Emitter n-InGaP Si 0.48 3.0 x 1017 300
Base p-GaAs C 3.6 x 10" 900
Collector ~ n-GaAs Si 1.0 x 1016 6000

n-GaAs Si 3.0 x 10'8 200
Etchstop  n-InGaP Si 0.48 3.0x10'8 100
Subcollec  n-GaAs Si 3.0 x 10'8 4000
tor

i-GaAs — 100

i-AlGaAs 0.2 — 200

i-AlGaAs 0.5 — 1000

i-AlGaAs 0.2 — 300

However, there are few or no studies on the effects of the
emitter-ledge passivation on the electrically-stressed HPT. In
this paper, we compare the performances of the InGaP/GaAs
HPTs with and without the emitter-ledge and assess the effect
of the emitter-ledge passivation on the stressed HPTs.

II. HPT STRUCTURE AND EXPERIMENT

The HPT epilayers were grown on S.I. GaAs (100) substrates
by metal-organic chemical vapor deposition (MOCVD), as
shown in Table L.

Although the structure and design are similar to the HBTs,
the emitter and base structures are different and consist of
10 and 11 finger-shaped electrodes, respectively, each with a
size of 4 ym x 2100 pm, as seen in Fig. 1 so that the effective
emitter and base area exposed to light can be large without
causing emitter crowding. All the fabricated HPTs have an
emitter area of 160,800 xm?, which is larger by more than four
orders than that of the HBTs [11], [12].

The fabrication process of the InGaP/GaAs HPT was the
same as that of the InGaP/GaAs HBT. First, the patterned
emitter electrode was formed by liftoff of the deposited Ti/Au
layers without sintering. Using the emitter electrode, the base
surface was exposed by mesa etching of the emitter contact
and emitter layers with solutions of H3POy4 : HyO9 : H5O and
NH4OH : H>O5 : HyO, which were used to etch the InGaAs
and GaAs layers, respectively. Undiluted HCl was used to
etch the InGaP layer until the base layer was exposed. Due

1530-4388 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Top view of the fabricated InGaP/GaAs HPT.

D Contact

n-InGaAs,
n-GaAs Emitter
-InGaP Emitter
p-Gads Base
1-GaAs Collector
] |
1-GaAs Subcollector
(a) Normal-HPT (N-HPT)
N
D Contact n-InGads,
n-GaAs Emitter
n-InGaP
p-GaAs Base Emitter-Ledge
n-GaAs Collector Sabeialion
i) ]
n-GaAs Subcollector

(b) Ledge-HPT (L-HPT)

Fig. 2. Schematic cross sections of (a) N-HPT and (b) L-HPT.

to the high selectivity of HCl for InGaP etching, the base
surface was easily exposed without over etching the GaAs base.
The base electrode was then made by liftoff of the deposited
Ti/Pt/Au layers without sintering. The mesa etching of the
patterned GaAs was carried out to expose the subcollector
surface. Following the base-contact formation, a multilayer of
Ni/AuGe/Ni/Au was deposited on the patterned resist on the
subcollector surface to form an ohmic contact to the collector
without sintering. Finally, the subcollector layer was etched
down to the S.I. GaAs substrate for isolation. An emitter ledge
was formed by leaving a portion of the InGaP emitter, as seen
in Fig. 2(b). In this report, the HPT with and without an emitter
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Fig. 3. The average of the DC current gain and standard deviation of seven
N-HPTs and seven L-HPTs for various base currents at room temperature.

ledge are referred to as the L-HPT and N-HPT, respectively.
The width and thickness of the InGaP emitter-ledge are 5 ym
and 30 nm, respectively.

The common-emitter characteristics of the fabricated HPTs
were measured in the dark and under illumination by an
HP4155A semiconductor parameter analyzer. The photore-
sponse was characterized under illumination by measuring
Alc, which is the collector photocurrent resulting from illu-
mination with a halogen lamp. The incident power of light re-
ceived by the area of the base-collector junction was 0.295 mW.
It should be noted that although the phototransistor is often
characterized by the optical gain using monochromatic light,
we are not interested in the optical gain value but in the
responsivity S in A/W, which is the collector photocurrent
Al divided by the incident light power, for comparison of the
N-HPT and L-HPT. The responsivity is also shown in all of
the graphs showing Ao to compare the characteristics of the
N-HPT and L-HPT as a photosensor.

The electrical stress was given to the phototransistors by
keeping a collector current at 60 mA, corresponding to a current
density of 37 A/cm?, for 1 hour at room temperature and
15 minutes at 420 K. We fabricated and characterized a total
of 7 N-HPTs and 7 L-HPTs. A phototransistor with an average
current gain in the dark was then selected for measurements of
the collector photocurrent and characterization of the stressed
phototransistors.

III. RESULTS AND DISCUSSION
A. Effects of the Electrical Stress at Room Temperature

Fig. 3 shows the DC current gain 3 in the dark. The average
and error bars are indicated for each base current in the figure.
The error bars show the average +o, where o is the standard
deviation. One sample each was selected for the N-HPT and
L-HPT to apply an electrical stress at room temperature. Figs. 4
and 5 show the room-temperature common-emitter character-
istics of the selected N-HPT and L-HPT, respectively, in the
dark before and after the stress. The input base current Ip
was varied from 5 to 25 pA with a step of 5 pA. For each
Ip, Vog increased from 0 to 3.5 'V, but the result only for the
bias of 0-1.5 V is shown, because the collector current does not
significantly change by further increasing Vo g. The DC current
gain (3, which is defined as I~/Ip, was calculated for each I
from Figs. 4 and 5 and plotted as a function of Iz in Fig. 6.
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Fig. 4. Room-temperature common-emitter I-V characteristics in the dark
before the electrical stress.
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Fig. 5. Room-temperature common-emitter I-V characteristics in the dark after
the electrical stress.
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Fig. 6. Room-temperature DC current gains of the N-HPT and L-HPT for
various base currents before and after the electrical stress.

There seems to be no significant effect of the emitter-ledge
passivation or stress, and the current gain increases with the
increased base current. The stress current density employed
for our measurement is lower by two to three orders than the
stress used in the characterization of the stressed HBTs [13].
As seen in Figs. 4 and 5, the offset voltage of Vg in the L-HPT
is lower than that in the N-HPT. Note that the emitter-ledge
increases the emitter area Ag of the L-HPT, as seen in Fig. 2.
McAlister et al. [14] and Lee et al. [15] reported that the offset
voltage of Vg was proportional to In (Ac/Ag), where Ac
was the collector area. Since the emitter ledge increases only
Ag, the decreased Ac /A decreases the offset voltage.

In contrast to the current gain, the collector photocurrent of
the L-HPT is higher than that of N-HPT. The effect of the
emitter-ledge passivation seems enhanced in the photoresponse,
as shown in Fig. 7. This can be explained using the analy-
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Fig. 7. Room-temperature collector photocurrent and responsivity of the
N-HPT and L-HPT for various base currents before and after the electrical
stress.

Fig. 8. Equivalent-circuit diagram representing a base-driven HPT with a
current source.

sis of the collector photocurrent by Tan et al. [5]. Fig. 8
shows the equivalent-circuit diagram of the base current-driven
phototransistor.

Since the photocurrent generated in the base-collector junc-
tion increases the internal base current, the increased base cur-
rent increases the current gain. As discussed later, the emitter
ledge passivates the surface defects near the emitter perimeter
and reduces recombination in the emitter-base junction. As a
result, the current gain increases. In the figure, R is the emitter
resistance, R g is the base resistance, I is the internal collector
current, and I, is the photocurrent generated within the base-
collector (B-C) depletion region and near the depletion edge.
Ip will flow through Rg in the phototransistor operated in the
dark and under illumination. The I;, generated within the B-C
region in the phototransistor will flow into node B and then be
shared by R and Rp. In the case of the phototransistor with a
constant base current, I,y is zero, and both Ip and I, flow
through the base-emitter (B-E) junction. Thus, the collector
current Io and collector photocurrent Alo are given by the
following equations:

Ic =Iic + Ipn

=B + Ipn) x [Ip + Lpn] + Ipn
Alc =pIp + Ipn) x U + Ipn] — B(IB) x Ip + Ipn
= [BU+Ipn)=B(I)] x I+B(Ip+Ipn) X Ipn+Ipn
(2)

1
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Fig. 9. DC current gains of the N-HPT and L-HPT for various base currents
before and after the room-temperature stress measured at 420 K.
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Fig. 10. Collector photocurrent and responsivity of the N-HPT and L-HPT for
various base currents before and after the room-temperature stress measured
at 420 K.

where 3(Ip + Ip;) and B(Ip) are Bs for base current of Ip +
I, and Ip, respectively. As seen in Fig. 6, since the current
gain increases with the increased base current, the first term
in eq. (2) is positive. Although I is provided by the external
base current source and the same even under illumination,
contribution of the first term to the collector photocurrent is as
significant as the second term. This makes the photoresponse of
a three-terminal operation higher than that of the base-floating
operation in a phototransistor [5]. Because of the enhanced
performance of the base-current driven phototransistor, a small
difference in the dark is enhanced under illumination, as seen
in Figs. 6 and 7.

Figs. 9 and 10 are the current gain and collector photocurrent
measured at 420 K, respectively, as a function of the base
current.

At an elevated temperature, the current gain and collector
photocurrent decrease even without the electrical stress. Un-
like the photocurrent at room temperature, there is not much
difference between the collector photocurrents of the N-HPT
and L-HPT at 420 K. The effect of elevated temperature seems
to override suppression of the surface recombination at the
emitter perimeter by the emitter-ledge passivation. Although
the electrical stress is too low to affect the room-temperature
characteristics of both the N-HPT and L-HPT, as seen in
Figs. 6 and 7, the degradation due to the electrical stress
becomes more significant at 420 K, as seen in Figs. 9 and 10.
The degradation of the HPTs’ performance at high temperature
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due to electrical stress is thought be associated with defect
formation. There may be two types of defect formations; one is
defect formation at the InGaP/GaAs heterointerface in general,
and the other is defect formation at the emitter perimeter [9],
[10]. The former is a slow process, and is mainly caused by
the prolonged stress like a 1 hour long stress. The latter is
caused by the severe stress even if the stress time is short.
In our earlier study on the degradation of the InGaP/GaAs
HBTs [11], [12], defects were generated at the perimeter of the
emitter, where there is a strain caused by the lattice mismatch
between InGaP and heavily carbon-doped GaAs. In the L-HPT,
the perimeter of the InGaP emitter extends by the ledge width,
which is 5 ym, and the defects generated at the perimeter are no
longer located within the laterally extended depletion region.
The recombination in the depletion region of the emitter-base
junction causes the decreased current gain and photoresponse.
Moreover, the performances of both the N-HPT and L-HPT
before and after the stress degraded more at elevated temper-
ature. As the substrate temperature increased, the injection of
holes from the base to the emitter increased, resulting in the
increased space-charge recombination [16]-[18]. The defect
formation at the emitter perimeter can be suppressed by the
emitter-ledge passivation, but not at the InGaP/GaAs heteroint-
erface. Although the degradation of both the N-HPT and L-HPT
becomes more significant at 420 K after the prolonged room-
temperature stress, the current gain and collector photocurrent
of the L-HPT are still higher than those of the N-HPT, and the
emitter-ledge passivation becomes more effective in the HPT
performance than in the HBT performance, because a differ-
ence in the photocurrent I,;, generated within the B-C region
is enhanced in the collector photocurrent, as seen in eq. (2).

B. Effects of the Electrical Stress at 420 K

As already mentioned, since the collector current density
used as an electrical stress is 37 A/cm” and much lower than
the stress usually applied to smaller HBTs as a stress test, the
decreases in the current gain and collector photocurrent were
not observed when stressed at room temperature. The electrical
stress with the same collector current density was applied to
the HPTs at 420 K to accelerate the degradation. The electrical
stress time was reduced to 15 min to avoid any serious damage
to the HPTs. An unstressed sample was each selected for the
N-HPT and L-HPT in this study.

Figs. 11 and 12 show the current gain and collector pho-
tocurrent at room temperature of the N-HPT and L-HPT before
and after the stress and should be compared to Figs. 6 and 7,
respectively, for the electrical stress applied at room tempera-
ture. The difference in the effects is quite evident. The electrical
stress applied at 420 K significantly degrades the characteristics
of the N-HPT, but not those of the L-HPT. The stress time
may typically be too short for the defect formation at the
InGaP/GaAs heterointerface. The emitter-ledge passivation is
effective in suppressing the degradation when a severe electrical
stress is applied for a short time.

The current gain and collector photocurrent of the stressed
HPTs were measured in the elevated temperature range of
300420 K. These results are shown in Figs. 13 and 14.
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Fig. 11. Room-temperature DC current gains of the N-HPT and L-HPT for
various base currents before and after the high-temperature stress. The stress
was applied at 420 K.
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Fig. 12. Room-temperature collector photocurrent and responsivity of the
N-HPT and L-HPT for various base currents before and after the high-
temperature stress. The stress was applied at 420 K.
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Fig. 13. Temperature-dependent DC current gains of the N-HPT and L-HPT
before and after the high-temperature stress (/g = 25 pA). The stress was
applied at 420 K.

There is no significant degradation due to the high-
temperature stress in the high-temperature characteristics of the
L-HPT. For the N-HPT, the degradation due to the increased
temperature is overridden by that due to the electrical stress,
as seen in the lower-temperature dependent current gain and
collector photocurrent. By comparison of the characteristics of
the L-HPT and N-HPT, it is clear that the stressed L-HPT has a
current gain and collector photocurrent higher than the stressed
N-HPT over the entire temperature range, and a difference is
more enhanced in the collector photocurrent, as discussed earlier.
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Fig. 14. Temperature-dependent collector photocurrent and responsivity of the
N-HPT and L-HPT before and after the high-temperature stress (Ip = 25 pA).
The stress was applied at 420 K.

IV. CONCLUSION

The effects of electrical stress on the InGaP/GaAs HPTs were
studied in detail. An electrical stress was applied to the L-HPT
and N-HPT by maintaining a collector current density of 60 mA
for 1 hour at room temperature and for 15 minutes at 420 K.
The room-temperature stress was too low to affect the room-
temperature characteristics of the L-HPT and N-HPT, but it
decreased the current gain and collector photocurrent of both
HPTs at 420 K. The effect of the electrical stress was enhanced
at elevated temperature. Nevertheless, the degradation due to
the electrical stress was lower in the L-HPT. In contrast to the
room-temperature stress, the high-temperature stress seemed
to be more severe even if the stress-current density was the
same. The room-temperature characteristics of the N-HPT were
significantly decreased by the high temperature stress, while the
L-HPT was less sensitive even to the severe high-temperature
stress. The current gain and photoresponse of the L-HPT are not
affected by the high-temperature stress in the entire temperature
range of 300420 K. In contrast to the L-HPT, the current gain
and photoresponse of the high-temperature stressed N-HPT
become less temperature dependent. The effects of the higher
temperature were overridden by those of the severe electrical
stress. Based on the study of the stressed HPTs, it is concluded
that the emitter-ledge passivation is more effective in suppress-
ing the degradation due to the electrical stress in the HPTs than
that in the HBTs.
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In this study, an InGaP /GaAs heterojunction phototransistor (HPT) and a GaAs solar cell were monolithically integrated into an HPT epitaxial wafer, 12
and the battery-free operation of the HPT was demonstrated for energy harvesting. Although the thickness and doping condition of the layers were 13

optimized for the HPT performance, but not for the solar cell performance, the obtained short-circuit current was high enough to operate the

InGaP/GaAs HPT in a two-terminal (2T) configuration. A collector photocurrent of 0.63 mA was obtained when the energy-harvesting InGaP /GaAs

2T-HPT was exposed to white light with a power density of 35 mW /cm?, and it linearly increased with the power density. For a potential application
of the energy-harvesting InGaP/GaAs HPT as a photosensor in space, the device was irradiated with electrons of 1 MeV energy and 10'®cm

-2 16

fluence. No significant degradation of the fabricated energy-harvesting 2T-HPT after the high-energy electron irradiation guarantees its battery-free 17

operation in space. © 2016 The Japan Society of Applied Physics

1. Introduction

A heterojunction phototransistor (HPT) is more attractive
as a photosensor than a photodiode because of its high
photoresponse even at low bias voltage and immunity from
avalanche noise.!™ In particular, the GaAs-based HPT
with an AlGaAs emitter demonstrated a high performance.
Recently, the InGaP emitter has replaced the AlGaAs
emitter in the AlGaAs/GaAs HPT owing to its superior
material properties.¥ The photosensor may be widely used
in space, where it needs to be operated without a battery.
An HPT has a process compatibility with a heterojunction
bipolar transistor (HBT) for the fabrication of monolithically
integrated photoreceivers.” The InGaP/GaAs HPT also has
good compatibility with the GaAs heteroface solar cell for a
battery-free operation. Solar cells made of III-V compound
semiconductors have been developed and used in space
owing to their high conversion efficiency, lower temperature
coefficient, and superior radiation resistance.>” The sig-
nificant potential of high-efficiency GaAs heteroface solar
cells for space applications has been extensively inves-
tigated by many researchers.'%'”) Compared with Si, which
has been widely used as a material of terrestrial solar cells,
-V compound semiconductors have a superior radiation
resistance for the same electron energy and fluence. In
particular, the InGaP solar cells demonstrated a radiation
resistance superior to that of GaAs solar cells. Since the
migration energy of radiation-induced defects and the
activation energy of defect annealing in InGaP are lower
than those in GaAs, InGaP has a higher radiation re-
sistance than GaAs.'® In this study, radiation resistant
InGaP was used as a window layer in a GaAs heteroface
solar cell.

In space, high-energy electron or particle irradiation often
induces a significant degradation of the performance of
semiconductor devices. Since the battery-free operation of
an InGaP/GaAs HPT monolithically integrated with a GaAs
solar cell is also proposed for use in space in this paper, the
effects of high-energy electron irradiation on the fabricated
energy-harvesting HPTs were studied by 1MeV electron
irradiation.
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Fig. 1. Schematic cross section of the monolithically integrated InGaP;/ %
GaAs 2T-HPT and GaAs solar cell. 39
40

2. Experimental methods :
An InGaP/GaAs HPT epitaxial wafer was grown on a semi- 4
insulating (SI) GaAs(100) substrate using a metal-organic 4
chemical vapor deposition (MOCVD) system. The HPT s
epitaxial layer structure was described elsewhere.!” The s
schematic cross section of the fabricated energy-harvesting 47
HPT is shown in Fig. 1. The emitter area of the HPT was 4
160,800 um?, which was larger by four orders than those of 4
typical HBTs; this increased the collector photocurrent Alc, so
which is the collector photocurrent resulting from illumina- s
tion by a halogen lamp.2%?" The emitter structure consisted sz
of 10 finger-shaped electrodes, each with a size of 4 X s
2100 um?, such that the effective emitter area could be large s
without causing emitter crowding. Note that the HPT exhibits ss
emitter-ledge passivation. The emitter-ledge passivation is s
effective for suppressing surface recombination near the s
emitter edge.'”> The width and thickness of the InGaP ss
emitter ledge were 5 pm and 30 nm, respectively. 59
A GaAs pn junction solar cell consisted of p* base and n o
collector layers next to the InGaP/GaAs HPT. The InGaP e

© 2016 The Japan Society of Applied Physics
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emitter layer was used as a window layer to suppress the
surface recombination in the GaAs pn junction solar cell. The
fabrication process for the energy-harvesting InGaP/GaAs
HPT is as follows. First, the patterned emitter electrode of the
InGaP/GaAs HPT was formed by the liftoft of the deposited
Ti/Au layers without sintering. Using the emitter electrode,
the base surface of the HPT was exposed by the mesa etching
of the emitter contact and emitter layers. The solutions of
H;PO4:H,0,:H,0O and NH4,OH:H,0,:H,O were used to etch
the InGaAs and GaAs layers, respectively. Simultaneously,
the emitter contact and emitter layers of the InGaAs and
GaAs layers of the GaAs heteroface solar cell were entirely
removed by using these solutions. Undiluted HCI was used to
etch the InGaP layer until the base layer was exposed. Owing
to the high selectivity of HCI for the InGaP etching, the base
surface was easily exposed without overetching the GaAs
base. Simultaneously, the InGaP window layer of the solar
cell was formed by using undiluted HCI to etch the InGaP
layer until the base layer was exposed. The base electrodes of
the InGaP/GaAs HPT and GaAs heteroface solar cell were
then formed by the liftoff of the deposited Ti/Pt/Au layers
without sintering. The mesa etching of the GaAs base and
collector layers of both devices was carried out to expose the
subcollector surface. Following the base-contact formation,
a multilayer of Ni/AuGe/Ni/Au was deposited on the
patterned resist on the subcollector surface to form an ohmic
contact to the collector without sintering. Finally, the
subcollector layer of the energy-harvesting InGaP/GaAs
was etched down to the SI GaAs substrate for isolation.
The common-emitter characteristics of the InGaP/GaAs
HPT and the current—voltage (/-V) characteristics of the
GaAs heteroface solar cell were measured under illumination
by an HP4155A semiconductor parameter analyzer with a
halogen lamp. The power density of the lamp was set to
35mW/cm? unless otherwise specified. The electrical
characteristics of the InGaP/GaAs HPT and GaAs heteroface
solar cell were measured in the dark and under illumination
by an HP4155A semiconductor parameter analyzer. The HPT
performance is often characterized by the optical gain, which
is defined as the number of electrons collected as the collector
photocurrent Ale, divided by the number of incident photons
for monochromatic light. However, since we intend to use
the HPT as a photosensor of white light, it is more
appropriate to characterize the HPT using the responsivity
S, which is defined as the collector photocurrent Al¢, divided
by the incident light power P;,, received by the base-collector
junction area of the HPT. The HPTs are operated in both a
two-terminal (2T) configuration with a floating base and a
three-terminal (3T) configuration with a forced base current.
High-energy electron irradiation was carried out at the
Japan Atomic Energy Agency in Takasaki. The electrons
accelerated at 1 MeV were uniformly bombarded on the
InGaP/GaAs HPT and GaAs heteroface solar cell. The
electron fluence was set to 1.0 x 10'> cm~2 while maintaining
the current at 1 mA. The sample temperature was kept from
increasing by water flow during the irradiation. The electron
energy and fluence were selected on the basis of Jet
Propulsion Laboratory criterion for the radiation hardness
of solar cells in the space application.’® The electrical
characteristics of the InGaP/GaAs HPT and GaAs heteroface
solar cell were measured under illumination before and after

SS15110

XXXXXX-2

. 1.20 3 4.00 _ 1

5 090 | { 3.00 = ¢

o _ %) .

2< >

5 5 W F .

£=060 } 1 200 2 .

. e | ] [~

) < [ o]

] . o 7

2 030 ¢ ¢ 11008 5

3 j :
0.00 L L L 0.00 10

0 1 2 3 4 i
Emitter-Collector Voltage, V. [V]

Fig. 2. Collector photocurrent Al and responsivity S of the InGaP/GaAs 4

2T-HPT under illumination with a power density of 35 mW /cm?. 15
16
1.60 17
4 5.00

£ 3 N
£ 12 f {400 ©
§ = @ 20

8x .__‘.—-.--.'_. =
4 3.00 £ 21

2 E os0 3
LS i =
g < 4 2.00 9 2
2 0.40 g 24

I 4 100 &
o 25
0.00 L ! ! . . 0.00 26
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7

Base Current, I [pA] »

29
Fig. 3. Collector photocurrent Al and responsivity S of the InGaP/GaAs 30
3T-HPT for various base currents. The collector photocurrent was measured 34
at the saturation. 2

33
the electron irradiation by HP4155A to confirm the battery- =
free operation of the InGaP/GaAs HPTs. 3
3. Results and discussion zj
3.1 InGaP/GaAs HPTs in the 2T and 3T configurations s
Figure 2 shows the collector photocurrent Al of the InGaP/ a0
GaAs 2T-HPT under illumination with a light power density o
of 35 mW /cm?. Note the oscillating collector photocurrent in 41
Fig. 2. This is due to the intensity oscillation of the lamp s
used to irradiate the HPT and solar cell. The photocurrent of 4
the solar cell also oscillates, as seen later. Nevertheless, the
oscillation amplitude is at most 10% of the average, and the 4
analysis of the measurement results should not be affected. 4
In the 3T configuration, the base current /g was varied from 1 4
to 5 uA with 1 pA per step. For each Iy, the emitter—collector 4
voltage V(g increased from 0 to 3.5V with a step of 0.1 V. 4
Figure 3 shows the collector photocurrent Alc as a function so
of the base current. The collector photocurrent Al- at s
saturation was shown for various base currents Ig, and s
increased with the increase in base current. The results of the ss
detailed analysis of the 3T- and 2T-HPTs were presented s
with the equivalent circuit by Tan et al.>» and showed that ss
the collector photocurrent Al was given by the following s
equation: 57

Alc = g + Ipn) X (I + Ipn) — p(Ig) X Iy + Ipy .

= [AUp + Ipn) — pIp)] X I + S + Iph) X Iph + Lph,
M)

© 2016 The Japan Society of Applied Physics
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Light
Light

s

E

Ammeter

Voltmeter

Fig. 4. Equivalent circuit diagram of battery-free operation of the InGaP/
GaAs 2T-HPT by the on-chip GaAs solar cell under illumination. The 2T-
HPT was the HPT operated in the 2T configuration.

where f(Ig + I,) and B(Ig) are fBs for base currents of Ig + Iy,
and g, respectively. Here, Ig and I, are the external base
current and the photocurrent resulting from the generation of
electron-hole pairs in the collector. If Iy is low so that the
recombination current at the emitter—base junction cannot
be ignored, f increases with the increase in Ig. As a result,
P + I,p) is much higher than f(/g), and the first and second
terms in Eq. (1) contribute to the optical gain of the 3T-HPT.
In the 2T-HPT, Ig is zero, and the only second term, Ppn),
contributes to the optical gain. Therefore, the optical gain of
the 2T-HPT is lower than that of the 3T-HPT. Nevertheless,
the collector photocurrent is much higher than the photo-
current of the pn diode. The highest collector photocurrents
of the 2T- and 3T-HPTs obtained in the measurement are
0.76 and 1 mA (Ig =5pA), and the corresponding respon-
sivities of the 2T- and 3T-HPTs are 2.6 and 3.4 A/W,
respectively, as seen in Figs. 2 and 3. Although a higher
responsivity is expected for the 3T-HPT,”” a similar
responsivity is obtained for the 2T-HPT. For the simplicity
of fabrication, we have employed the 2T-HPT as a photo-
sensor to be integrated with the GaAs solar cell.

3.2 Battery-free operation of the InGaP/GaAs HPT in the
2T configuration

Figure 4 shows the equivalent circuit diagram of the energy-
harvesting InGaP/GaAs 2T-HPT. In the diagram, the
collector electrode of the 2T-HPT was wire-connected to
the p* electrode of the solar cell so that the solar cell could
supply the emitter—collector voltage to the 2T-HPT. The
photovoltage and photocurrent were measured at the
operating point by a voltmeter and an ammeter, respectively,
as shown in Fig. 4. A halogen lamp was used as the white
light source, and the power density was varied up to 35
mW /cm? by varying the lamp current.

I-V characteristics of the GaAs solar cell and InGaP/GaAs
2T-HPT are plotted for the light power density of 35
mW /cm? in Fig. 5. Although the label of the vertical axis is
collector photocurrent, it is for the 2T-HPT, and to be precise,
the label should be current for the solar cell. Similarly, the
horizontal axis labels should be emitter—collector voltage
for the 2T-HPT and voltage for the solar cell. Since the
short-circuit current of the solar cell was higher than the
photocurrent of the 2T-HPT, the operating point shown as the
crossing point of two curves could be found. The solar cell
exhibited a short-circuit current of 0.89 mA, an open-circuit
voltage of 0.9V, and a conversion efficiency of 5.8% at the
maximum power point, in which the current and voltage were
0.86 mA and 0.67V, respectively, producing the maximum
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Fig. 6. Short-circuit current of the GaAs solar cell for various light 28
intensities. 2
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31

power of 0.58 mW. The fill factor FF of the solar cell was s
0.72. The minimum area of the solar cell was 0.283cm? s
in order for the short-circuit current of the solar cell to be
higher than the collector photocurrent of the 2T-HPT under s
illumination. Note that the doping concentrations and thick- s
nesses of the base and collector layers were optimized for a7
the HPT performance, but not for the solar cell performance. s
The collector doping and thickness were 1.0 X 10'®cm™ and s
600 nm, respectively. In contrast to the conventional GaAs 4o
solar cell, the n layer is very thin for a high short-circuit 41
current.’’2 Nevertheless, the obtained efficiency is high «
enough to determine the operating point of the InGaP/GaAs 4
2T-HPT. The operating point was determined from the 4
crossing point at about 0.87V and 0.732mA under s
illumination for the power density of 35 mW /cm?. 45
Figures 6 and 7 show the short-circuit current of the GaAs 4
solar cell and the collector photocurrent of the InGaP/GaAs s
2T-HPT, respectively, under illumination with various light 4
intensities. The short-circuit current of the solar cell increases so
proportionally to the power density of light. In contrast to s
the short-circuit current, the open-circuit voltage of the solar s
cell increases slightly with the increase in the power density ss
of illumination. The open-circuit voltage of the solar cell s
increases by 50mV when the power density increases from ss
9.3 to 26 mW/cm?. The collector photocurrent also increases s
linearly with the power density, as seen in Fig. 7. 57
Figures 8 and 9 show the photocurrent and photovoltage ss
of the energy-harvesting 2T-HPT, respectively, for various s
power densities of light. The photocurrent and photovoltage o
at 35mW/cm? are 0.63 mA and 0.81 V, respectively. These e

© 2016 The Japan Society of Applied Physics
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Fig. 7. Collector photocurrent Al of the InGaP/GaAs 2T-HPT for
various light intensities. The collector photocurrent was measured at the
saturation.
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Fig. 8. Photocurrent of the energy-harvesting InGaP/GaAs 2T-HPT under
illumination with various light intensities.
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Fig. 9. Photovoltage of the energy-harvesting InGaP/GaAs 2T-HPT
under illumination with various light intensities.

values are slightly different from those expected from the
crossing point in Fig. 5. By comparing the collector photo-
current of the discrete 2T-HPT in Fig. 7 and that of the
energy-harvesting 2T-HPT in Fig. 8, one observes that the
photocurrent of the discrete 2T-HPT is higher than that of
the energy-harvesting 2T-HPT for lower power densities,
while vice versa for higher power densities. This suggests
the interaction of the solar cell and 2T-HPT in the energy-
harvesting 2T-HPT. The 2T-HPT is usually operated only by
applying the emitter—collector voltage. The emitter—collector
junction is biased by the photogenerated voltage of the solar
cell in the energy-harvesting HPT. In addition to the voltage
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Fig. 11. (Color online) I~V characteristics of the GaAs heteroface solar
cell under illumination with a power density of 35 mW/cm? before and after
the high-energy electron irradiation.

source for operating the HPT, there is an additional current
source from the solar cell. The current injection from the
solar cell to the collector increases both the emitter—base
forward-bias voltage and the collector photocurrent. If the
collector photocurrent becomes very high, the effective base
doping is increased by the increased electron injection from
the emitter. As a result, the current gain decreases. The
decrease in current gain with the increase in collector current
is referred to as the Webster effect.’® In spite of the
interaction between the solar cell and the 2T-HPT, an almost
linear characteristic of the photocurrent as a function of the
power density is clearly seen in Fig. 8. Such a linearity is
suitable for practical application in a photosensor.

3.3 Effects of the high-energy electron irradiation

Figure 10 shows the collector photocurrent Al- of the
InGaP/GaAs 2T-HPT under illumination before and after
the irradiation. The power density of the lamp was 35

20

21

22

23

24

25

26

27

28

29

30

mW /cm?. As seen in Fig. 10, the collector photocurrents of s

the 2T-HPT before and after the irradiation were 0.76 and
0.71 mA, respectively. The decrease in the collector photo-
current of the InGaP/GaAs 2T-HPT is 6.6% and it can be
said that no significant degradation of the 2T-HPT was
observed after irradiation.

The I-V characteristics of the GaAs heteroface solar cell
under illumination before and after the irradiation are shown
in Fig. 11. The short-circuit current after the irradiation was

© 2016 The Japan Society of Applied Physics
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, Table I. Obtained characteristics of the GaAs heteroface solar cell before and after the electron irradiation. The power density of illumination was

5 35mW/cm?.

3 Open-circuit voltage V Short-circuit current /; Maximum power Pyax Efficienc, .

) P W) ge Yoc (mA) s¢ (ml\)V) %) v Fill factor FF

5  Before irradiation 0.9 0.89 0.58 5.8 0.72

6  After irradiation 0.8 0.89 0.45 4.5 0.63

7

8

9

10 0.006 : I-V characteristics are magnified in Fig. 12(b). The current
1 —  0.003 . increases significantly after the electron irradiation. The
12 E H forward current increase with the increase in electron fluence
13 S 0.001 during the irradiation on the GaAs solar cells was observed
1 s _ 0,001 by Danilchenko et al. and Bourgoin and Zazoui, who
15 é ' ebatasirabuten attributed it to the carrier recombination increase caused by
16 -0.003 radiation-induced point defects.3132 Although they also
17 SRiernon observed a significant decrease in the short-circuit current,
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21 @ GaAs collector layer is much thinner than the n-GaAs layer
22 1.00 in a conventional GaAs solar cell, and the photocurrent is
23 ' . . mainly due to the photogenerated carriers in the depletion
2 _ 080 | ®before rradiation , = region, where the electric field separates quickly the electron—
2 % ol ®afterimadiation ; hole pairs before recombining via radiation-induced defects.
2 ‘f : " . Since the short-circuit current and the collector photo-
27 5 0.0 .' » current are less affected by the electron irradiation, the photo-
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Fig. 12. (Color online) (a) I-V characteristics of the GaAs heteroface
solar cell in the dark before and after the high-energy electron irradiation.
(b) Forward I-V characteristics of GaAs heteroface solar cell in the dark
before and after the high-energy electron irradiation.

still 0.89 mA, and the open-circuit voltage decreased from 0.9
to 0.8V, corresponding to an 11.1% decrease. The character-
istics of the GaAs heteroface solar cell before and after the
electron irradiation are summarized in Table I. The max-
imum power and conversion efficiency of the solar cell
decreased from 0.58 to 0.45mW (corresponding to a 22.4%
decrease) and from 5.8 to 4.5% (corresponding to a 22.4%
decrease), respectively. The short-circuit current was not
affected by the irradiation, but its open-circuit voltage slightly
decreased. This may be explained by the increased dark
current rather than the decreased photocurrent.

Figure 12(a) shows the I-V characteristics of the GaAs
heteroface solar cell in the dark before and after the high-
energy electron irradiation. A significant increase in reverse
current was observed after the electron irradiation, and it
increased with the increase in reverse bias voltage. Such a
voltage-dependent large reverse leakage current of the diode
is often attributed to the thermal generation of carriers in the
depletion region. Since the -V characteristic of the solar cell
is the forward I~V characteristic in the dark subtracted from
the voltage-independent photocurrent and strongly affected
by the forward /-V characteristic in the dark, the forward
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power densities. Owing to the voltage-independent collector
photocurrent of the 2T-HPT, the photocurrent of the energy-
harvesting InGaP/GaAs HPT with a GaAs solar cell is
resistant to radiation and can be operated without a battery in
space.

4. Conclusions

An InGaP/GaAs HPT and a GaAs solar cell were monolithi-
cally integrated into an HPT epitaxial wafer for a battery-free
operation. The area of the solar cell was adjusted to make
the short-circuit current of the solar cell higher than the
collector photocurrent of the 2T-HPT. When the power
density of light was 35mW /cm? the solar cell was char-
acterized on the basis of solar cell parameters, i.e., a short-
circuit current of 0.89 mA, an open-circuit voltage of 0.9V,
fill factor of 0.72, and a conversion efficiency of 5.8%. A
photocurrent of 0.63 mA was obtained when the energy-
harvesting InGaP/GaAs 2T-HPT was exposed to white light
with a power density of 35 mW/cm?, and it increased linearly
with the power density. For a possible space application of
the energy-harvesting InGaP/GaAs 2T-HPT, the device was
irradiated with electrons of 1MeV energy and 10'°cm™
fluence. Although the conversion efficiency of the solar cell
decreased by more than 20%, the collector photocurrent of
the 2T-HPT did not show a significant change. The absence
of significant degradation suggests that the fabricated energy-
harvesting InGaP/GaAs 2T-HPT is suitable for a photo-
sensor that can be used in space.

© 2016 The Japan Society of Applied Physics
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