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Abstract : The p hot oluminescence ( PL ) and Raman spect ra of undoped ZnO films dep osited directly on Si sub2
st rate (sample A) , on Si subst rate t hrough a SiC buff er layer (sample B) , and on a ZnO crystal waf er (sample C)

are investigated. There are emission peaks centered at 3 . 18eV (ult raviolet , U V) and 2. 38eV (green) in t hese sam2
ples . Comp aring t he Raman sp ect ra and t he variation of t he PL p eak intensities wit h annealing at mosp here , we

conclude t hat t he luminescence of t he samples is related t o t he tensile st rain in t he ZnO film due t o t he lat tice mis2
match between t he f ilm and t he subst rate . In p articular , t he tensile st rain reduces t he f ormation energy of O Zn an2
tisite oxygen def ects ,w hich generate t he green emission center . Af ter annealing in oxygen2rich at mosp here , many

O Zn def ects a re generated. Thus , t he intensity of green emission in ZnO/ Si hetero2st ructure materials increases due

t o tensile st rain in ZnO films .
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1　Introduction

ZnO is of i nte rest because of its p ote ntial ap2
p lications i n blue a nd U V light2e mit ti ng devices

a nd i n op t oelect ronics . I n orde r t o f a brica te p rac2
t ical ZnO2based devices ,it is ve ry i mp orta nt t o get

high2qualit y ZnO f il ms a nd unde rsta nd t he lumi2
nesce nce mec ha nis m of ZnO f il ms . Silicon waf e rs

a re widely used as subst ra te because of t hei r low

cost a nd a dditional a dva ntages i n op t oelect ronic

i ntegration . However , t he re is a la rge st rai n at t he

i nte rf ace of t he ep it axial f il m a nd t he subst rate

due t o t he la rge la t tice mismatch betwee n ZnO

a nd Si ,w hic h i nduces def ects in t he f il m t hat de2
te riorate t he f il m qualit y w he n it relaxes . The re2
f ore , it is i mp orta nt t o st udy t he st rai n a nd t he

subseque nt def ects i n ep itaxial ZnO f il ms . Ge ne r2
ally , t he re a re two major e mission ba nds i n t he

room2te mp e rat ure p hot olumi nesce nce ( PL ) sp ec2
t rum of ZnO f ilms . A domi na nt ult raviolet ba nd

ce nte re d at 380nm is a t t ributed t o excit on recom2
bi na tion , a nd a wea k one ce nte red a t a bout

525nm ,calle d t he“gree n ba nd”, is t hought t o be

rela ted t o int ri nsic def ects i n undop ed ZnO f il ms .

Diff e re nt aut hors at t ribute t he gree n e mission t o

dif f e re nt i nt ri nsic def ects i n ZnO f il m , suc h as

si ngly ionized oxyge n vaca ncy ( V ·O ) ,zi nc vaca ncy

(V Zn ) , a nd i nte rstitial zi nc ( Zni )
[ 1～6 ] . We verif ied

i n our p revious w or k [ 7 ] t ha t t he gree n e mission

ce nte r of t he ZnO f il m dep osited on Si subst rate is

rela ted t o O Zn a ntisite oxyge n def ects . However ,

t he re is a n i mp orta nt question t ha t was not a n2
swered in t hat p ap e r . The f or mation e ne rgy of O Zn

is ve ry high ( a bout 41 6e V ) , p romp ti ng t he ques2
t ion of w het he r O Zn def ects ca n be ge ne rated i n

ZnO f il ms . In t his p ap e r , we p rese nt a n i nvestiga2
t ion of t he f ormation mecha nis m of O Zn base d on

rece nt exp e rime ntal results a nd t heoretical a naly2
sis .

2　Experiment

In our exp e ri me nts , t h ree kinds of sa mples

a re investigated . The f i rst is ZnO f il m di rectly de2
p osite d on Si (111) subst ra te (sa mple A) , t he sec2
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ond is ZnO f il m dep osite d on Si subst rate t h rough

a SiC buf f e r laye r (sa mple B) , a nd t he t hi rd is si n2
gle2crystal ZnO (sa mple C) . The f or mer tw o sa m2
p les were p rep a red in a sp ecial high2te mp e rat ure

MO CV D syste m , w hich has two connecte d reac2
t ion cha m bers , one f or growi ng Si C f il m a nd t he

ot he r f or ZnO . The details of t he growt h p rocess

we re rep orte d i n t he p revious p ap e r [ 8 ] . Af te r dep2
osition , t he sa mples we re a n nealed f or 1h in a

ra nge of te mp erat ure 700～900 ℃ i n ai r a nd oxy2
ge n , resp ectively. The Ra ma n sp ect ra we re ob2
t ai ned wit h a 514 . 5nm wavele ngt h A r + lase r on a

L AB RA M2H R conf ocal lase r micro2ra ma n sp ec2
t romete r . The PL sp ect ra were measure d usi ng a

325nm wavele ngt h He2Cd lase r f or excit ation . The

sa mple was also cha racte rized wit h X2ray dif f rac2
t ion ( X RD ) measured by a Philips X’Pert Pro

double crystal dif f ract omete r .

3　Results

Figure 1 shows t he X RD p at te rns of sa mples

A a nd B as2p rep a red , a nd t he i nsets a re t he re2
sp ective rocki ng curves of t he ZnO (002) p la ne . It

is clea r t ha t bot h sa mples have only ZnO ( 002 )

a nd ( 004 ) p ea ks , but t hei r rocki ng curves have

signif ica ntly dif f e re nt p rof iles . The f ull widt h a t

half maxi mum ( FW HM) of t he rocki ng curve f or

sa mple A is a bout 7°,w hile t hat f or sa mple B is re2
duce d t o only 11 2°. This result de monst rates t ha t

t he c rystal qualit y of t he ep it axial ZnO f il m has

bee n greatly i mp roved by usi ng t he SiC buf f e r lay2
e r .

Figure 2 s hows t he Ra ma n sp ect ra wit h a

ra nge of wave num be r f rom 350 t o 600cm - 1 of t he

sa mples A , B , a nd C , resp ectively. All of t he m

we re measured unde r t he sa me conditions . Ac2
cordi ng t o group t heory , ZnO has eight sets of op2
t ical p honon modes at Γ p oi nt of t he B rilloui n

zone , A1 ( TO , L O ) + 2B 1 + E1 ( TO , L O ) + 2 E2 .

B ot h B 1 a nd E2 consist of two modes of low a nd

high f reque ncy. Of t he eight modes , only A 1 , E1 ,

E2 a re Ra ma n active , w hile B 1 is i nactive . I n t he

backscat te ri ng geomet ry i n our exp e ri me nt , t he

i ncide nt light is p a rallel t o t he c2axis of t he ZnO

sa mple . Theref ore , only E2 a nd A 1 ( L O ) a re al2
lowed accordi ng t o t he Ra ma n selection rules [ 9 ] .

Si nce t he E2 ( high ) mode rep rese nts t he ba nd

cha racte ristic of wurtzite ZnO , t he i nte nsit y of

Fig. 1 　XRD p at te rns of samples A ( a) and B ( b) 　
The inset is t he X2ray rocking curve of t he ZnO (002)

plane .

t his p ea k is much st ronge r t ha n t hat of t he ot he rs

i n a mbie nt conditions [ 10 ] ,so t ha t t he A 1 (L O) p ea k

is usually unobse rva ble , as s how n in t his Ra ma n

sp ect rum . For sa mple C , t he only s ha rp a nd st rong

p ea k is t he E2 ( high) p ea k at 437 . 1cm - 1 . The p o2
sition of t his p ea k shif ts t o a lower f reque ncy———
a bout 1 . 9 a nd 0 . 9cm - 1 f or sa mple A a nd sa mple

B , resp ectively .

Fig. 2　Raman spect ra of t hree samples

According t o t he calcula tion a nd exp e ri me n2
t al results of Decre mps et al . [ 9 ] , t he Ra ma n s hif t

of ZnO is closely relate d t o t he st rai n i n t he f il m .

They p oi nted out t hat i n t he c2axis orie nte d ZnO
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ep ilaye rs , t he E2 ( high) mode will s hif t t o a highe r

f reque ncy as a result of comp ressive st ress a nd t o

a lowe r f reque ncy as a result of te nsile st rai n . The

cor relation betwee n t he Ra ma n shif t a nd t he

st ress ca n be si mply exp ressed as Δω( c m - 1 ) =

41 4σ( GPa) ; i . e . t he re is a 01 227 GPa net st rai n i n

t he f il m f or eve ry 1cm - 1 shif t . Accordi ng t o t his

f ormula ,sa mples A a nd B ,f or w hich t he re d2s hif ts

a re 1 . 9 a nd 0 . 9c m - 1 , have te nsile st rai ns of 01 43

a nd 01 20 GPa , resp ectively. Ta ble 1 lists t he de2
t aile d data of t he Ra ma n sp ect ra .

Table 1　Raman sp ect ra results of t he E2 ( high) mode

　of t he samples

Sample
Peak p osition of

E2 ( high) / cm - 1

E2 ( high) f requency

shif t / cm - 1

Tensile st rain

/ GPa

C 437. 1 / /

A 435. 2 - 1. 9 0. 43

B 436. 2 - 0. 9 0. 20

These results show t hat t he SiC buff e r laye r ca n

eff ectively modulate t he te nsile st rai n i n ZnO

f il m , because t he Si C buff e r laye r reduces t he mis2
match betwee n ZnO a nd Si . It is also conf ormed

t o X RD .

Figure 3 shows t he PL sp ect ra at room te m2
p e ra t ure of sa mp les A , B , a nd C excited by a

325nm He2Cd lase r . The re a re tw o obvious e mis2
sion ba nds i n t he sp ect ra , a domi na nt ult raviolet e2
mission ba nd ce nte red at 380nm a nd a wide a nd

wea k gree n e mission ba nd ce nte re d at 520nm . In

Fig. 3 ,Sa mple A has t he lowest U V p ea k a nd t he

highest gree n p ea k . Sa mp le C has t he st rongest

U V i nte nsit y a nd a n al most unobse rva ble gree n e2
mission p ea k . It is evide nt f rom Fig. 3 t hat t he in2
te nsity of t he U V a nd gree n e mission is st rongly

rela ted t o t he te nsile st rai n i n t he f ilms . The la rge r

t he te nsile st rai n i n t he f il ms is , t he lowe r t he in2
te nsity of t he U V e mission becomes a nd t he st ron2
ge r t he i nte nsit y of t he gree n e mission becomes .

Fig. 3　PL spect ra of t he t hree samples at room temperature

　　I t is t hought t hat t he ult raviolet e mission i n

ZnO is a t t ributed t o t he recom bi nation of excit2
ons . Ge nerally , bet te r c rystal qualit y helps re duce

excit on scat te ri ng , t he re by i nc reasi ng t he excit on

e mission p roba bilit y. The ref ore , t he si ngle crystal

ZnO has t he st rongest a nd ZnO/ Si has t he wea2
kest U V e mission .

As f or t he gree n e mission , our p revious wor k

de monst rate d t hat it is closely rela ted t o t he a n2
t isite oxyge n def ects O Zn

[ 7 ] . However , t he re is still

a p roble m t hat was not solved in t hat p ap e r . The

ra dius of O2 - ,0 . 14nm ,is much la rge r t ha n t hat of

Zn2 + ,01 074nm , a nd t he elect ro2negativity of oxy2
ge n , 31 5 , is also muc h la rge r t ha n t hat of zi nc ,

11 65 . Thus ,O Zn has t oo high a f or mation e ne rgy t o

be ge ne rate d i n ZnO si ngle crystal . The ref ore ,it is

necessa ry t o st udy t he f or mation mec ha nis m of

O Zn def ects i n ZnO f il ms .

From t he exp eri me ntal results he re , we be2
lieve t hat t he f ormation of O Zn is t he result of te n2
sile st rai n in f il ms . The f act t hat te nsile st rai n ex2
isti ng i n t he ZnO f il m i ndicates t ha t t he re is lat2
t ice2e nla rge d def or mation i n t he ZnO f ilm , eve n

t hough t his def or mation might be somew hat mod2
ula ted by a Si C buf f e r laye r . Ge nerally , te nsile

st rai n i n f ilms raises t he syste m e nergy. I n orde r

t o reduce t he syste m e ne rgy t o ma ke t he syste m

more sta ble , t he te nsile st rai n must be relaxe d by

ge ne ra ti ng def ects , eac h of w hich is comp osed of

a n ion wit h a la rge r ra dius substit uted f or a s mal2
le r one . Thus , a ntisite oxyge n def ects O Zn ca n f or m

easily. That mea ns t ha t te nsile st rai n re duces t he

f or mation e ne rgy of O Zn . As la rge r te nsile st rai n

causes a highe r conce nt ration of O Zn def ects , t he
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gree n e mission i nte nsit y increases w he n t he te nsile

st rai n i nc reases (see Fig. 3) .

I n orde r t o test t his deduction , t he eff ect of

a nneali ng on t he p hot olumi nesce nce of sa mp les A
( ZnO/ Si) a nd B ( ZnO/ Si C/ Si ) was i nvestiga ted

as s how n i n Fig. 4 . Figure 4 ( a) comp a res t he PL

sp ect ra of sa mp les A a nd B a nneale d i n ai r a t

850℃ f or 1h . Comp a ri ng wit h Fig. 3 , it is clea r

t hat not only t he U V inte nsities of bot h sa mples A

a nd B i ncrease due t o t he i mp rove d c rystal qualit y

of t he ZnO f il m by a nnealing , but also t he gree n

e mission i nte nsities i ncrease due t o t he relaxa tion

of te nsile st rai n i n t he f il m , a nd sa mp le B has a

st ronge r U V i nte nsit y a nd a wea ke r gree n i nte nsi2
t y t ha n sa mp le A has . This mea ns t he la rge r te n2
sile st rai n i n ZnO f ilms could ge ne rate more i n2
t rinsic def ects , w hich ge ne ra te t he gree n e mission

ce nte r ,eve n t hough t he crystal qualit y of t he ZnO

f il m was i mp rove d by a n neali ng. Figure 4 ( b) , i n

w hich t he y axis is disp layed on a loga rit h mic

scale i n orde r t o p roject t he va ria tion of t he gree n

e mission i nte nsity ,s hows t he PL sp ect ra of sa mple

B a nnealed a t 700 ℃f or 1h i n ai r a nd oxyge n , re2
sp ectively. I n t his f igure , it is obse rved t ha t t he

U V i nte nsit y dec reases a nd t he gree n e mission i n2
te nsit y i ncreases wit h t he i nc rease of t he oxyge n

p a rtial p ressure i n a n neali ng. This i ndicates t ha t

a n oxyge n at mosp here ge ne ra tes more i nt ri nsic

def ects , t he reby inte nsif yi ng t he gree n e mission

ce nte r ,a nd subseque ntly at te nuati ng t he U V e mis2
sion .

It is know n t hat a nneali ng relaxes st rain a nd

i mp roves t he crystal quality of ZnO f ilms ,so t ha t

excit on scat te ri ng is reduce d a nd t he U V inte nsit y

i nc reases . However , Figure 4 ( a ) shows t hat t he

gree n e mission i nte nsit y is also e nha nced af te r a n2
neali ng , a nd t he la rge r t he te nsile st rai n is i n t he

ZnO f il m , t he greate r t he i nc rease of t he gree n e2
mission i nte nsit y is . These p he nome na indicate

t hat t he num ber of i nt ri nsic def ects ,w hic h lea d t o

gree n e mission i n undop ed ZnO f il ms ,is i ncreased

by a nneali ng , a nd a la rge r te nsile st rain i n ZnO

f il ms is more f avora ble f or ge ne rati ng t hese de2
f ects i n t he st rai n2relax p rocess . Furt he r more , t he

highe r t he oxyge n p a rtial p ressure is i n a nneali ng ,

t he st ronge r t he gree n e mission becomes f or a

sa mple , as s how n i n Fig. 4 ( b ) . This va ria tion is

si mila r t o t hat of O Zn def ects , w hic h lea d t o t he

gree n e mission ce nte r t hat we rep orte d bef ore [ 7 ] .

The a bove p he nome na de monst ra te t hat t he O Zn

def ect ge ne ra tes t he gree n e mission ce nte r , a nd

t he f or mation mec ha nism of O Zn i n t he ZnO f il m

dep osited on Si subst rate is relate d t o te nsile st rai n

i n t he f ilms .

Fig. 4　(a) PL spect ra of samples A and B annealed in

air f or 1h at 850℃; ( b) PL spect ra of sample B an2
nealed at 700℃f or 1h in air and oxygen , resp ectively

We have also notice d t ha t As h ke nov et al . [ 11 ]

use d RBS a nd I RS E measure me nts t o study ZnO

f il ms dep osite d on sapp hi re subst ra tes . They

p ointed out t hat t he vaca ncy def ects i n t hei r sa m2
p les were mai nly resp onsible f or t he op tical be2
haviors . It is t hought t hat t he re is comp ressive

st ress i n t hei r f il ms because t he lat tice consta nt of

t he f il ms is la rge r t ha n t ha t of t he subst rates .

Their exp e ri me nt p rovides f urt he r evide nce t ha t

t he O Zn def ects i n t he ZnO f il m dep osited on Si

subst rate w hic h a re resp onsible f or t he gree n e2
mission ce nte r a re f or me d mai nly due t o t he te n2
sile st rai n in t he f il ms .

4　Conclusion

In sum ma ry , t he X RD , Ra ma n , a nd PL sp ec2
t ra of ZnO/ Si (sa mp le A ) , ZnO/ Si C/ Si (sa mple

B) , a nd t he si ngle crystal ZnO (sa mple C) have

bee n measured a nd i nvestiga ted . It is obse rved
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t hat t he re a re te nsile st rai ns i n t he ep it axial ZnO

f il ms of bot h sa mples A a nd B due t o t he mis2
match betwee n ZnO a nd Si , w hile a Si C buf f e r

laye r modulates a nd re duces t his te nsile st rai n .

This te nsile st rain i n ZnO f il ms greatly i nf lue nces

t he p hot olumi nesce nce p rop e rties , i ncludi ng t he

ult raviolet a nd gree n e mission of t he ZnO epitaxi2
al f il ms . Moreove r , t he la rge r t he te nsile st rain is

i n t he ZnO f il m , t he wea ker t he i nte nsit y of t he

U V e mission is , a nd t he st ronge r t he i nte nsit y of

t he gree n e mission is . Af te r a nneali ng i n ai r a nd

oxyge n , not only a re t he U V i nte nsities of bot h

sa mples A a nd B i ncreased due t o t he imp roved

crystal qualit y of ZnO f ilm by a nneali ng , but t he

gree n e mission i nte nsities a re also i nc reased due t o

t he relaxation of t he te nsile st rai n i n t he f ilm .

Sa mple A , wit h la rge r te nsile st rain , has st ronge r

gree n e mission a nd wea ker U V e mission . I n p a rti2
cula r , t he gree n e mission i nte nsit y i ncreases rap id2
ly a nd U V e mission at te nuates w he n t he a nneali ng

at mosp here is cha nged f rom ai r t o p ure oxyge n .

These p he nome na i ndicate t ha t t he i nt ri nsic de2
f ect ,w hich is resp onsible f or gree n e mission i n un2
dop ed ZnO f il m ,is closely rela ted t o te nsile st rai n

i n ZnO f il ms a nd t hat a highe r oxyge n p a rtial

p ressure i n a nnealing is more f avora ble f or ge ne r2
ati ng t his def ect . The a bove results not only de m2
onst rate our suggestion rep orte d i n Ref . [ 7 ] t ha t

t he O Zn def ects a re resp onsible f or t he gree n e mis2
sion ce nte r i n undop ed ZnO f il m dep osite d on Si

subst rate , but also exp lai n t he f or mation mecha2
nis m of O Zn . Because te nsile st rai n i n f il ms ge ne r2
ally raises t he syste m e ne rgy ,it must be relaxed by

ge ne ra ti ng O Zn def ects , w hich consist of a n ion

wit h la rge r ra dius substit uted f or a smalle r one .

Theref ore , O Zn a ntisite oxyge n def ects ca n be

f or med wit h t he help of te nsile st rai n .
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应力对 ZnO/ Si异质结构的光致发光的影响 3

傅竹西　孙贤开　朱俊杰　林碧霞­

(中国科技大学物理系 , 合肥 230026)

摘要 : 研究了 ZnO薄膜中应力对发光的影响.实验样品为 ZnO体单晶、在 Si基片上直接生长的 ZnO 薄膜以及通
过 SiC过渡层在 Si基片上生长的 ZnO 薄膜.测量了这三种样品的 X射线衍射图形、喇曼光谱和光致发光光谱.由
X射线衍射图形可以看出 ,由于 SiC过渡层缓解了 ZnO 与 Si之间的晶格失配 ,使得通过 SiC过渡层在 Si上生长的
ZnO 薄膜的结晶质量好于直接在 Si上生长的 ZnO薄膜的质量.进一步通过喇曼谱测量发现 ,与 ZnO体单晶相比 ,

直接在 Si上生长的 ZnO薄膜的 E2 ( high)峰红移 1 . 9cm - 1 ,根据喇曼谱峰位移与应力的关系可以推出薄膜中存在

0 . 4 GPa的张应力 ;而通过 SiC过渡层在 Si上生长的 ZnO 薄膜的 E2 ( high)峰红移 0. 9cm - 1 ,对应着 0. 2 GPa 的张
应力.对照 X射线衍射图形的结果可以看出 ,薄膜中张应力的大小与薄膜的结晶质量密切相关 ,表明张应力来源于
外延层和基片间的晶格失配 ,晶格失配越大 ,外延层中产生的张应力越大.有无 SiC过渡层的两种薄膜样品的 PL

光谱中都存在紫外和绿光两种谱带 ,随样品热处理时氧气分压增加 ,两种样品都出现绿光增强的相似的变化规律 ,

但有 SiC过渡层的样品的变化幅度较小.这一结果说明 ,绿色发光中心与薄膜的质量 ,也就是与薄膜中存在的张应
力大小有关.在以往研究中得出的非故意掺杂 ZnO薄膜的绿色发光中心来源于氧反位缺陷 (O Zn ) ,文中研究的结
果正好可以解释氧反位缺陷形成的原因.由于薄膜中存在张应力 ,使得样品的能量升高 ,其结果必然会产生缺陷来
释放张应力 ,以便降低系统能量.而氧离子半径大于锌离子半径 ,氧替位锌有利于释放张应力 ,也就是说 ,在存在张
应力的情况下 , O Zn的形成能降低.这一结果进一步证明 Si上生长的 ZnO 薄膜中的绿色发光中心与氧反位缺陷有
关.
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