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Abstract : Some results on t he molecular2beam epitaxial growt h of HgCd Te f ocusing on t he requirements of t he

3rd generation inf ra red f ocal plane ar rays are described. Good unif ormity is observed over 75mm HgCd Te epilay2
ers , and t he deviation in cut off wavelengt h is wit hin 0. 1μm at 80 K. A variety of surf ace defects a re observed and

t he f ormation mechanism is discussed. The average density of surf ace def ects in 75mm HgCd Te epilayers is f ound

t o be less t han 300cm - 2 . It is f ound t hat t he surf ace sticking coeff icient of As during HgCd Te growt h is very low

and is sensitive t o growt h temperature , being only ～1 ×10 - 4 at 170 ℃. The activation energy of As in HgCd Te was

determined t o be 19 . 5meV ,w hich decreases as ( Na - Nd ) 1/ 3 wit h a slope of 3 . 1 ×10 - 5 meV ·cm. The diff usion

coeff icients of As in HgCd Te of 1 . 0 ±0 . 9 ×10 - 16 ,8 ±3 ×10 - 15 , and 1 . 5 ±0 . 9 ×10 - 13 cm2 / s a re obtained at tem2
peratures of 240 ,380 , and 440 ℃, resp ectively under Hg2saturated p ressure . The MB E2grow n HgCd Te is incorp orat2
ed int o FPA f abrications , and t he p reliminary results a re p resented.
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1 　Introduction

Third generation inf rared imaging systems re2
quire Hg1 - x Cd x Te2based inf rared focal plane arrays
( IRFPAs) wit h increased format s and multi2color
sensing capabilities[ 1 ] . The capability of i n si t u for2
mation of p n junctions[ 2 ] , hetero2epitaxial growt h
on large2area lat tice2mismatched subst rates of
GaAs , Ge[3 ] ,and Si [4 ] t hermally2matched wit h read2
out chip s , and t he ability to cont rol surface mor2
p hology are becoming t he most important issues in
p ushing the technique of molecular2beam epitaxy
(MB E) of HgCd Te to mat urity ,and have been ex2
tensively st udied by many group s worldwide.

The major challenges are t he growth of high2
quality epilayers on highly lat tice2mismatched and
t hermally2mismatched foreign subst rates , surface
morp hology ,and ext rinsic p2type doping wit h As.

Surface defect s as well as dislocations in t he
HgCd Te are known as“device killers”[5 ,6 ] , which
seriously degrade device performance. Because of
t he very low sticking coefficient of Hg ,t he nuclea2
tion of surface defect s is a sensitive f unction of t he
growt h conditions employed. In order to obtain ma2
terial with a lower dislocation density , t he lattice2
matched Cd0. 96 Zn0. 04 Te is commonly employed as a
subst rate for HgCd Te epitaxy. However ,
Cd0. 96 Zn0. 04 Te suffers f rom t he problems of rela2
tively small area and poor thermal compatibility
with silicon readout chip s ,which result s in t he fail2
ure of FPAs during temperat ure cycling.

It has been recognized that the difficulties in
t he As2doping of MB E2grown HgCd Te mainly
come f rom t he amp hoteric behavior of As due to
t he Te2rich growt h mode and the low2temperat ure
growt h condition as required by the low surface2
sticking coefficient ( SSC) of As , which f urt her
complicates t he understanding of t he p rimary pos2
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sible modes of As incorporation.
This paper describes some of our result s ob2

tained at t he Center for Advanced Materials and
Devices ( CAMD ) in an at tempt to address the
challenges mentioned above.

2 　Growth on GaAs and Si substrates

　　The growt h was performed in a Riber 32P sys2
tem with sources of Zn ,Cd Te , Te , Hg ,As4 ,and In.
We employed 75mm GaAs (211) B and Si (211)

wafers as subst rates. To reduce t he lat tice2mis2
matching between t he HgCd Te and t he subst rates ,
a buffer layer composed of eit her Zn Te/ Cd Te or
Cd Te was grown prior to t he HgCd Te nucleation.
The t hickness of the buffer layer was in t he range
f rom 3 to 12μm . A sp ect roscop ic ellipsomete r (S E)

cap a ble of utilizi ng 44 dif f e re nt wavele ngt hs i n

t he ra nge of 410～761nm (J . A . Woolla m I nc . )

was at t ac hed t o t he MB E cha mber a t a n a ngle of

app roxi mately 70°f or i n si t u real2t i me monit o2
ri ng of comp osition va ria tion . The x value a nd t he

t hick ness we re evaluate d by I R t ra ns mission

measure me nts , w hich were ca r rie d out by usi ng a

Fourie r t ra nsf or me r sp ect romete r ( B RO2RA D

S TF265A) . To avoid t he unce rtai nties i n dete r mi2
ni ng t he x value a nd t he t hickness resulti ng f rom

t he multilaye r i nte rf e re nce i n t ra ns mission

curves , a comp ute r simula tion base d on a si mple

model of t he multilaye r inte rf e re nce was p e r2
f ormed i n a n at te mp t t o una mbiguously dete r mi ne

t hese p a ra mete rs [ 7 ] .

Fig. 1 　Cont rollability in cut off wavelengt h

The comp osition unif or mit y is a major issue

of conce rn i n develop i ng HgCd Te MB E tech nolo2
gy. B y ref i ni ng t he p rocesses of bot h f lux meas2
ure me nts a nd t he a mount of c ha rgi ng mate rial i n

crucibles , a signif ica nt i mp rove me nt i n comp osi2
t ion rep roducibilit y was achieve d. For long wave2

le ngt h ( L W ) app lica tions ( a mea n x value of

01229) , a sta nda rd deviation (S TD D EV ) i n x of

less t ha n 0 . 0017 was obtai ned i n a run2t o2run

base . As show n in Fig. 1 , a yield of cut2of f wave2
le ngt h of 73 % was obtai ned as sc ree ned by a devi2
ation of less t ha n 0 . 2μm f rom t he ta rgets . The

HgCd Te ep ilaye rs showed good late ral unif or mit y

i n bot h comp osition a nd t hick ness . Figure 2 shows

a n exa mple of comp osition or cut off unif or mit y

f or a 75m m HgCd Te waf e r grow n on Si . The max2
i mum devia tion i n cut of f wavele ngt h at 80 K is less

0 . 1μm over t he ce nt ral a rea of a dia mete r of

70m m ,satisf yi ng t he requi re me nts f or FPA f a bri2
cation .

Fig. 2 　Comp osition and cut off wavelengt h unif ormity

f or a 75mm HgCd Te waf er on Si

To ove rcome t he p roble m of t he la rge la t tice2
mismatch ( 19 . 3 %) betwee n HgCd Te a nd Si , a

p rocedure consisti ng of As p assiva tion , low2te m2
p e ra t ure nuclea tion of Zn Te f ollowed by high2
te mp era ture a nneali ng , a nd t he subseque nt growt h

of Zn Te a nd Cd Te at normal te mp erat ures were

e mployed on Si subst rates . A high de nsit y of dislo2
cations was ge ne rally exhibited i n t he as2grow n

HgCd Te , wit h t yp ical EPD values at t he surf aces

of 9～20 ×106 cm - 2 . I n orde r t o reduce t he dislo2
cation de nsit y , a n i n si t u high2te mp era ture a n nea2
li ng p rocedure was e mployed . The sa mp les were

capp e d wit h Zn Te or ZnSe at t he growt h e nd a nd

a n nealed i nside t he growt h c ha m be r a t 350 ～
450 ℃f or 10～20mi n . The EPD value could be ef2
f ectively reduce d t o t yp ically ( 2～ 4 ) ×106 cm - 2

f or L W sa mples .

For growt h on highly lat tice2mis matched sub2
st ra tes , twin ni ng is li kely t o occur i n t he ep ilay2
e rs . X2ray high2resolution diff raction ( X RD )

( Philps X’Pert Pro M RD ) a nalysis s howed t ha t

t he HgCd Te was in t he [ 211 ] orie nta tion , a nd no
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twi nni ng2related [ 133 ] p ea k was f ound. It was

f ound t ha t t he f or mation of ( 133 ) twins was

closely rela ted t o t he nucleation te mp era t ure f or

t he f i rst laye r of Zn Te as well as t he p rop e r con2
dition f or high2te mp era ture growt h . The f ull

widt h at half maximum ( FW HM ) values f or

HgCd Te ep ilaye rs grow n on GaAs a nd Si were

t yp ically 60″～ 80″. A n exa mp le of t he FW HM

mappi ng of dif f raction curves of HgCd Te grow n

on Si is show n in Fig. 3 .

Fig. 3 　FW HM mapping of XRD on 75mm HgCd Te

grow n on Si

3 　Surface defects

The surface defect s in the pixels of FPAs can
seriously degrade t he performance of t he devices.
Because of t he very low sticking coefficient of Hg ,
t he nucleation of surface defect s is a sensitive
f unction of t he growt h conditions employed. In

order to minimize t he density of t he surface de2
fect s , t he origin of defect nucleation as well as it s
relation wit h the growt h conditions should be clari2
fied.

The feat ures of various surface defect s on
HgCd Te epilayers grown under different condi2
tions were st udied by using scanning elect ron mi2
croscopy ( SEM) ,energy dispersive X2ray fluores2
cence spect ro scopy ( EDX) , and atomic force mi2
croscopy ( A FM ) . The EDX analysis was per2
formed by using standardless ZA F corrections (a2
tomic number , absorp tion and fluorescence coeffi2
cient s) for qualification.

As shown in Fig. 4 , various kinds of surface
defect s were observed on t he HgCd Te surfaces.
Some of these defect s were voids , some were hill2
ocks ,and some were mixt ure of voids and hillocks.
The origin of t hese defect s is eit her subst rate2relat2
ed ,growt h2related or bot h subst rate2 and growth2
related. Figures 4 (a) ～ (c) show subst rate related
defect s (type 3) ; (d) shows voids related to Hg2de2
ficiency (type 2) ; (e) ～ (f ) show the voids when
Hg is f urt her deficient (type 1) ; (g) shows defect s
related to Hg enrichment (type 4) ,and ( h) shows
t he void sometimes observed when t he growt h
temperat ure was lowered f rom t he optimal condi2
tion by ～2 ℃ (type 5) . For FPA applications ,obvi2
ously type 1～3 defect s are more problematic be2
cause they are large in size and may penet rate deep
into the film. Even one such defect may completely
kill t he pixel . By effort s in subst rate p reparation
and cont rol of growt h conditions , t he density of
surface defect s of HgCd Te has been reduced to less
t han 300cm - 2 .

Fig. 4 　SEM and Normaski (e) micrographs of surface defect s
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4 　As incorporation

To understand t he sticking behavior of As at2
om and it s relation to t he presence of Hg ,the SSC
of As during HgCd Te growth was measured as
shown in Fig. 5. As compared wit h Cd Te , t he As
sticking in HgCd Te shows surp risingly different
behavior , decreasing much more rapidly wit h in2
creasing temperat ure by more t han an order of
magnitude wit hin a temperat ure increment of only
10 ℃. The temperat ure sensitive behavior of As
sticking suggest s t hat t he ability to cont rol growt h
temperat ure is critical in terms of doping stability
as well . A deviation in growt h temperat ure of 1 ℃
would cause a variation of more t han 10 % in do2
ping concent ration when growing in the 160 ～
170 ℃ range. As shown in Fig. 5 , t he fact that the
SSC of As in HgCd Te is much lower t han t hat in
Cd Te at t he temperat ures higher t han 160 ℃ im2
plies t hat it may have some correlation wit h the
sticking behavior of Hg.

Fig. 5 　SSC of As in Cd Te and HgCd Te as functions of

growth temperature

In order to understand t he behavior of As in2
corporation in t he epilayers , t he annealing experi2
ment s were carried out eit her under Hg pressure in
closed quartz ampoules in a dual2zone oven ,or in a
vacuum environment at different temperatures. Be2
fore annealing ,t he samples were etched with a bro2
mine met hanol solution to remove t he Cd Te cap
layers. The experiment s were performed with dif2
ferent combinations of t hree basic anneals : t he n2
type anneal ,t he activation anneal ,and t he vacuum2
anneal . Here n2type anneal means an annealing at
240 ℃for 48h under Hg2sat urated pressure to anni2
hilate t he metallic vacancies created eit her during
t he growth or during other annealing processes. All

t he annealing experiment s in t his study were termi2
nated wit h an n2type anneal . Some samples were
p re2annealed wit h t his p rocedure p rior to t he ot her
anneals. The activation anneal or p2type anneal re2
fers t he annealing in a temperat ure range of 285 to
440 ℃ for 0. 5 to 30h at different Hg pressures.
This p rocess also creates metallic vacancies. The
vacuum2anneal is performed in vacuum wit hout
participation of t he out2coming Hg and is aimed to
understand t he role of Hg in As activation. It was
performed at 360 ℃for 30h ,which is known to pro2
duce metallic vacancies[8 ] . ZnS layers were deposi2
ted on t he sample surfaces before t he vacuum2an2
nealing to p revent surface degradation at t he ele2
vated temperature ,and they were removed prior to
t he following n2type anneals. The elect rical p roper2
ties were found by temperat ure2dependent Hall
measurement s in t he Van der Pauw configuration
in a temperat ure range of 300～12 K at a magnetic
field st rengt h of 0. 2 T. Before t he measurement s ,
t he samples were etched to remove possible n2type
top layers.

The temperat ure2dependent Hall measure2
ment s for undoped as2grown samples grown at
170 ℃ showed a compensated n2type characteristic.
Figure 6 shows t he hole concent ration as a f unction
of t he doping level of t he epilayers annealed at dif2
ferent conditions for activation. The general t rend
in As activation is consistent wit h t hose repor2
ted[9 ] , t he elect rical activation approaches 100 %
when t he doping level is low , and sat urates or
drop s as t he doping level increases beyond ～1 ×
1018 cm - 3 .

Fig. 6 　Hole concentration as a function of the doping

level of the epilayers annealed at different conditions for

activation

Berding et al . [10 ] proposed t hat t he As atoms

incorporate p rimarily as a neut ral complex com2
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posed of As occupying a metallic sublat tice and a

metallic vacancy , ( AsM2VM ) , bound to a metallic

vacancy acceptor ,and as isolated AsM donors. It is

suspected that in t he as2grown samples ,t he As at2
oms were possibly incorporated as donors surroun2
ded by additional metallic vacancies which are pos2
sibly associated wit h a large lattice distortion crea2
ted by t he As. The As donors could be isolated at2
oms in t he metallic sublattices or some ot her st ruc2
t ural defect s like As4 tet ramers and clusters. Bot h

ambient Hg and metallic vacancies are commonly

believed to take important roles in t he site t ransfer

p rocess for As atoms into t he Te2sublat tices. It was

p redicted t hat during t he activation annealing , the

Hg atoms f rom the ambient would first replace the

As atoms occupying t he metallic sublat tices , and

t hat t hese As atoms would t hen replace Te atoms

at t he Te sites and become t he acceptors[11 ] ,or fir st

Te atoms would t ransfer to t he metallic vacancies ,

generating antisite defect s paired wit h metallic va2
cancies ,followed by the t ransfer of As atoms to the

evacuated Te2sublat tices to form acceptors[ 10 ] . To

verify t he effect s of Hg on t he activation ,vacuum2
anneals were performed on some of t he samples
(doping levels f rom 1 ×1017 to 2 ×1017 cm - 3 ) . The

Hall measurement s on t hose samples ( not shown

in t he figure) indicate t hat only 2 %～4 % of t he As
atoms were converted to acceptors without t he help

of Hg , confirming t he effect of Hg in As activa2
tion. In an at tempt to understand t he roles of me2
tallic vacancies , two kinds of opposite p re2anneals

were employed. One was an n2type pre2anneal to

annihilate t he metallic vacancies created eit her dur2
ing growth or by As incorporation as mentioned a2
bove ,and t he ot her one was a p2type pre2anneal at

285 and 400 ℃ and Hg partial p ressures of 1600

and 7000Pa ( Te2saturated limit ) , respectively , to
int roduce more metallic vacancies at the beginning.

The pre2t reated samples were t hen subsequently

annealed at 300 ,360 ,and 440 ℃under Hg2sat urated

pressure. As shown in Fig. 6 , t he result s did not

cause any remarkable change in As activation com2
pared to t ho se wit hout the p re2t reat ment . The re2
sult can be explained by t he fact t hat the metallic

vacancies were also created during the activation

anneals regardless of t he initial concent ration of

t he metallic vacancies. Another at tempt was to va2
ry t he Hg partial p ressure during t he activation an2

neals. As shown in Fig. 6 ,a certain amount of As

could be activated during low temperat ure anneals

at 285°C even under a Hg partial p ressure of 1.

6kPa. For samples annealed at 400°C at t he Te2sat2
urated limit , a noticeable reduction in activation

was observed for highly doped samples ( > 1 ×1018

cm - 3 ) as compared wit h those annealed under t he
Hg2saturation. The activation energy Ea of As ac2
ceptors in HgCd Te was determined by curve2fit ting

t he temperature2dependent Hall concent ration wit h
t he t heoretical model considering a single level of

acceptors12 . The activation energy for t he isolated

acceptors , E0 ,was found to be 19. 5meV ,which de2
creased wit h increasing ( N a - N d ) 1/ 3 in a slope of

3. 1 ×10 - 5 meV ·cm .

The As diff usion in HgCd Te was experimen2
tally investigated using SIMS dept h profile analysis

on the samples annealed at different conditions. As

described above ,t hermal annealing under Hg pres2
sure is an effective way to elect rically activate As.

However ,t he t hermal p rocess will dest roy t he in2
terfaces of a multilayered st ructure obtained by low

temperat ure growt h ,t he major advantage of MB E.

It also causes the As to diff use , degrading the p n

junctions. In order to understand t he As diff usion

due to t he t hermal activation process ,t he diff usion

coefficient s of As were derived by fit ting t he meas2
ured SIMS dept h profiles af ter annealing wit h t he

t heoretically calculated curves. The samples em2
ployed were grown while alternatively opening and

closing t he As shut ter to p roduce sharp interfaces

between the doped and un2doped regions. The cal2
culation was carried out by numerically solving t he

diff usion equation wit h t he As diff usion coefficient

as t he fit ting parameter . The SIMS dept h profile

before annealing was used in t he calculation as a

p rimary condition. To avoid t he uniformity effect in
lateral dist ribution of t he As , for comparison t he

samples were cut in pairs side by side f rom t he

same wafer . It was found t hat t he As diff usion at a

lower annealing temperat ure of 240 ℃ was negli2
gibly slow ,wit h a diff usion coefficient of (1. 0 ±0.

9) ×10 - 16 cm2 / s. The diff usion coefficient s of As of
(8 ±3) ×10 - 15 and (1. 5 ±0. 9) ×10 - 13 cm2 / s were
obtained at 380 and 440 ℃, respectively. The de2
pendence obtained here of t he As diff usion coeffi2
cient on annealing temperature is in good agree2
ment wit h t ho se previously reported on ion2implan2
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ted[13 ,14 ] or Hg2sat urated L PE2grown[15 ] epilayers.

To identify the effect of Hg pressure on the As

diffusion ,a sample was vacuum2annealed at 380°C for

16h. It was found that the doped region was almost

completely smeared out , and the corresponding diffu2
sion coefficient was estimated to be on the order of

10 - 11 cm2 / s. The enhanced diffusion of As in vacuum2
annealing confirms that the As diffusion occurs via a

vacancy2transfer mechanism[15 ] .

5 　FPAs application

The MB E2grown HgCd Te were incorporated

into FPA fabrications of different format s. Figure 7

shows examples of t hermal images obtained f rom

our p reliminary devices. Figure 7 (a) is a scanning

image obtained by a 256 ×1 L W linear FPA. The

device has a back illuminated n2on2p mesa architec2
t ure wit h a grown2in p n heterojunction , intercon2
nected to Si readout chip s by indium bump s. Fig2
ures 7 (b) and (c) are staring images of MW FPAs

of 128 ×128 and 256 ×256 , respectively ,fabricated

with planner n + p junctions formed by using boron

implantation into a p2type HgCd Te epilayer grown

on GaAs and Si.

Fig. 7 　Thermal images of preliminary FPA devices of L W 256 ×1 scanning (a) , MW 128 ×128 (b) ,and MW 256

×256 (c)

6 　Conclusion

A st udy on MB E HgCd Te focusing on the
challenging issues for t he 3rd generation of IRF2
PAs is performed ,including t he growth of HgCd Te
on GaAs and Si ,surface defect s ,and p2type doping.

Improvement s in compositional rep roducibility
were achieved. A yield of the cut2off cont rol of
73 % was obtained when screened by a maximum
deviation of less than 0. 2μm f rom t he ta rgets . The

HgCd Te ep ilaye rs s howed good la te ral unif or mi2
t y . For a M W 75m m epilaye r , t he deviation in cut2
of f wavele ngt h was wit hi n 0 . 1μm at 80 K ,sa tisf y2
i ng t he requi re me nt f or F PA f a brication .

A va riet y of surf ace def ects were obse rved

a nd t he f ormation mecha nis m was discusse d. It

was f ound t he op ti mal growt h wi ndow was ve ry

na r row f or obtaini ng a good morp hological sur2
f ace . By ca ref ul ef f orts i n reduci ng subst rate i m2
p e rf ections a nd cont rolli ng growt h , a n ave rage

surf ace def ect de nsit y of 300c m - 2 was obtai ne d.

It was f ound t ha t t he SSC of As duri ng

HgCd Te growt h was ve ry low a nd muc h more se n2
sitive t o t he growt h te mp erat ure comp a re d t o t ha t

of Cd Te . The SSC was f ound t o be only ～1 ×10 - 4

at 170 ℃f or HgCd Te . The a mbie nt Hg p laye d a n

i mp orta nt role i n t he site2t ra nsf e r p rocess duri ng

t he activa tion a nneals . The activa tion e ne rgy of

As i n HgCd Te was dete r mi ne d t o be 19 . 5me V ,

w hich dec reases as ( Na - N d ) 1/ 3 wit h a slop e of

311 ×10 - 5 meV ·cm . The diff usion coef f icie nt of

As i n HgCd Te was f ound t o be (1 . 0 ±0 . 9) ×10 - 16

cm2 / s , (8 ±3) ×10 - 15 a nd (1 . 5 ±0 . 9) ×10 - 13 cm2 /

s at a n neali ng te mp erat ures of 240 ,380 , a nd 440 ℃
under Hg2sa t urate d p ressure , resp ectively.

The MB E grow n mate rials were i ncorp ora ted

i nt o FPA f a brications of dif f e re nt f or mats . The

p relimi na ry results have bee n p rese nte d .
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应对第三代红外焦平面技术挑战的 HgCdTe 分子束外延

何 　力 　陈 　路 　吴 　俊 　巫 　艳 　王元樟 　于梅芳

杨建荣 　丁瑞军 　胡晓宁 　李言谨 　张勤耀

(中国科学院上海技术物理研究所 半导体材料器件研究中心 , 上海　200083)

摘要 : 叙述了围绕第三代红外焦平面的需求所进行的 HgCd Te 分子束外延的一些研究结果. 75mm HgCd Te 薄膜
材料的组分均匀性良好 ,80 K下截止波长偏差为 0. 1μm. 对所观察到的 HgCd Te 表面缺陷成核机制进行了分析讨
论 ,获得的 75mm HgCd Te 材料平均表面缺陷密度低于 300cm - 2 . 研究发现 As 的表面黏附系数很低 ,对生长温度
十分敏感 ,在 170 ℃下约为 1 ×10 - 4 . 计算表明 ,As 在 HgCd Te 中的激活能为 19 . 5meV ,且随 ( Na 6 N d ) 1/ 3的增大呈

线性下降关系 ,反比系数为 3 . 1 ×10 - 5 meV ·cm. 实验发现 Hg 饱和蒸汽压下 ,对应不同的温度 240 ,380 ,440 ℃,As

在 HgCd Te 中的扩散系数分别为 (1 . 0 ±0 . 9) ×10 - 16 , (8 ±3) ×10 - 15 , (1 . 5 ±0 . 9) ×10 - 13 cm2 / s . 采用分子束外延
生长的 HgCd Te 材料已用于红外焦平面探测器件的研制 ,文中报道了一些初步结果.

关键词 : 分子束外延 ; 碲镉汞 ; 红外焦平面
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