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Epitaxial growth of single-crystal CdTe on large-area Si substrates for the development of X-ray
and gamma ray detectors was studied. The direct growth of CdTe on Si substrates is challenging
because of large differences in lattice mismatch and thermal expansion coefficient between these
two materials. To overcome this, a specialized Si substrate pre-treatment method was employed to
achieve the direct growth of CdTe single crystals on Si substrates. Subsequently, detectors were
fabricated in a p-CdTe/n-CdTe/n*-Si heterojunction diode structure. The detector evaluation,
however, revealed that the detector suffered from a large dark current that severely degraded its
gamma detection capability. It was confirmed that the primary source of the dark current was the
high density of dislocations in the crystal. These dislocations were not only localized at the
‘n-CdTe/n*-Si heterointerface but also extended deeply into the epilayer, penetrating the depletion
region formed between p-CdTe/n-CdTe, resulting generation of excessive dark currents. Similarly,
the suboptimal transport characteristics of photon-generated charge carriers constituted another
factor constraining the detector’s property. It was discovered that the incomplete depletion of the
thick p-CdTe layer, where charge carriers are primarily generated from the incident photons, led to
carrier recombination during transport. To address these challenges, the following topics were
explored to enhance the detector’s performance. Firstly, growth of a thick and heavily doped n-CdTe

layer was investigated to ensure the depletion region fully extends towards the p-CdTe layer, thereby
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enhancing the transport of carriers. Secondly, methods for reducing dislocations were explored by
the optimization of growth techniques and the incorporation of thermal annealing techniques. The
thesis is structured into seven chapters, with the content of each chapter outlined below.

Chapter 1 presents the introduction and motivation of this work.

Chapter 2 includes a brief discussion of the experimental procedure used in this work for the growth
and characterization of CdTe epilayers,

‘Chapter 3 describes the growth and iodine doping of CdTe layers grown on (211) Si by MOVPE. A
High growth rate of 2.6 pm/h and high electron déﬁgity of 10'8 ¢cm-3 were obtained by optimizing the
growth temperature and flow-rate ratio of Te/Cd ;5urce materials. This made the growth of highly
doped thick n-CdTe possible.

Chapter 4 evaluates dislocation density distribution in the CdTe epilayer and their correlation with
the device dark currents. Thin devices had a high dislocation density, which decreased as the device
thickness increased. However, even in a 35 um thick device, a high threading dislocation (TD)
density in the order of 10® cm? persisted. The detector’s dark current showed a strong correlation
with the density of dislocations that propagated and penetrated the depletion region formed at the
n-CdTe/p-CdTe. It was determined that the dislocation density in the epilayer should be reduced well
below the order of 10¢ cm™ for effective detector applications.

Chapter 5 investigates dislocation density reduction in CdTe/Si epilayer using a technique called
post-growth patterning and annealing. We created square island patterns with dimensions of 60 um x
60 pm on a typically 10 um thick CdTe epilayer using photolithography. The patterned samples were
then annealed ex-situ in a flowing hydrogen environment at various temperatures. It was found that |
the sample annealed at 600 °C, 5 min showed the lowest TD density of 2.9 x 10° cm?, nearly an
order of magnitude lower than the TD density of the of the whole wafer samples subjected to similar
annealings. This confirmed the effectiveness of patterning and annealing in the dislocation
reduction. However, regrowth of CdTe on the patterned and annealed samples to make thick films
resulted very rough surface and needs further investigations.

Chapter 6 explores the optimizations of ex-situ annealing conditions for dislocations reduction and
its implementation during the device fabrications. Typically, 5um thick CdTe layers were used,
where the temperatures, durations, and number of annealing cycles were varied. Afterward, n-CdTe

| layers were first annealed using the optimized conditions, 870 °C, 60s and 3 cycles, followed by
growth of thick p-CdTe layers to fabricate devices in a p-CdTe/n-CdTe/n+-Si heterojunction
structure. The TD density of these thick devices was lower than 10° cm™. They exhibited lower dark |
currents and improved gamma detection properties when compared to similar devices that did not
undergo annealing during their fabrication.

Chapter 7 summarizes the entire work and provides recommendations for future research.
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CATe BRI ERBMEFTRERX R, Vo v BRRHBAMBI L LTEBESNTRY ., T TV o
BEARIEIC & B CAdTe Bift b & AWV o /MBS ER S TWa, LaL, 27 CdTe fEdaidE—
3o BT BRI R KT RS ROREMED THEETH D70, KEELOBHEEORHED
EFRIIREERRICH D, ZOBBERETMOVPEEIC L 5 KEHE Si ER EOEKE CdTe BEESAME
BERAWDZ LIZE VRERPHIFETE S, L L, AFHEICLD CdTe ERBZ AWV ZRHEE CrIn
BROER, & 5ICHERIC L > TRESKh X% U 7 ORBEEER L2 210 X 0 mHEEEELD
AN H o T, '

AWFFETIXET . p-CdTe/n-CdTe/n*-Si ~7T BiEEF A F— FEBSFBRBEHBOFTMM LT, v U
7 OfEEEMER B2 prCdTeB 2RI EBZ B2 KT AMLERHY . 207D n-CdTeBDEEFEE
ILEEBASLETCHHZEE R L, 22Tk, MOVPERIZE 5 (211) SiEtK ED n-CdTe &
DOFRERFIZCAE TeDFEMERLE, MEREBIVN—1U N (=F1raviR) HEEORELZITV,
PR DON-CATeBIZH R TREEEIINSME (2.6 ym/b), -, EFEEIX 1L 21 EE L (108
em ) DR ESRUEZHEL LTz, ZHICEVEEREILE SEFEEOMMILAFEEL 2o 7, ,

VT, RHBOBEROFTMZITV. BERBEA D =X LEMEHA Lz, SiéCldTeDEFIRES
DFERIZ X 2 &8 EDEMIT, n-CdTe/p-CdTe#EE THMINHITEZRBNE THRE L. MHBEERE
EMESEE L Lbic, BN (FXxUT o v7) LLTEEL., BREBESLSED Z L 2HR
L7z, CdTe FRERBDRERMEEIZET T, REBICERD/NF — U 2R LBRIERIZ K Y EI0E
xRS, NF—rOEBRREICENTHE (PHPE) 2AWT, ZOEMEEZRIELZ, EE
2310 pmPBE ORI E AV TRET 21T o 7ofE R, APHPIEIC XV BB EIITERD AN F — BT T
BT HBICHA_RTER THH Z L 2R LT, Lo, BHBOERICKEL TIEEDENR
BECIEF— U RITEE L <, 70, RNE— U EBREBEFBURELZIT > B ERERB IR — L7
V. APHPEZ SRS DROBNBLETHDL Z LR LT

Bftlc, RESMERIZMIT T, BEEBORERICHRERHBERE CHREZ —EPR L TELET,
Z DHEBRET ) FEICOWTREMT o 7o, BULEBEHOREEZITVMER L7z 40 pm BEORERE
TIHEEMEEE~100 cm2L 720 | BB EZTHOTREGCHER LRI T—HIZERD Lz, &
BT, MERL L 72T 3 A A TR ER OMREG L OSHE R &EEom Eb Rohi,

Pk, ABFHZ L VBN RIIRERB OB MG L T AEHEOR LIZFRTH L LEZ I
Do ETINDOFEMRBILAMOEESD Y FMRLL LTARINTND, Lo T, KHFROER
I O B BT T B & B TE 5,
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論文審査結果の要旨




