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Abstract : We rep ort t he f abrication and characte rization of light2emit ting diodes based on n2ZnO/ p2GaN hetero2
junctions . The n2t yp e ZnO epilayer is dep osited by metalorganic chemical vap or dep osition ( MO CV D ) on a

MO CV D grow n Mg2dop ed p2GaN layer t o f orm a p2n hete rojunction. During t he etching p rocess , t he relation be2
tween t he etching dep t h and t he etching time is linear in a H F and N H4 Cl solution of a certain ratio. The etching

rates of t he SiO2 and ZnO are well cont rolled ,w hich are essential f or device f abrication. The cur rent2voltage rela2
tionship of t his hete rojunction shows a diode2like rectif ying behavior . In cont rast t o p revious rep orts , elect rolumi2
nescence ( EL ) emissions are observed by t he naked eye at room temp erature f rom t he n2ZnO/ p2GaN heterojunc2
tion under f orward2 and reverse2bias . The origins of t hese EL emissions are discussed in comp arison wit h t he p ho2
t oluminescence sp ect ra .
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1 　Introduction

I t is well know n t hat ZnO has seve ral p rop e r2
t ies si mila r t o GaN [ 1～3 ] , such as a wurtzite crystal

st ruct ure , a wide ba ndgap at room te mp era ture ,

a nd a nea rly ide ntical i n2p la ne lat tice p a ra mete r
( t he lat tice mis match is a bout 11 8 %) . Comp a red

wit h GaN , ZnO has some signif ica nt a dva ntages ,

i ncludi ng a la rge r excit on bindi ng e ne rgy of

60 meV a nd t he com me rcial availa bilit y of la rge

a rea sa mp les in bul k . The ref ore , ZnO is ve ry a t2
t ractive f or blue a nd U V op t oelect ronics . Furt he r2
more , ZnO ca n be easily etche d by wet che mical

etc hi ng met hods . Alt hough p2t yp e ZnO epitaxial

growt h tec h nology has bee n develop e d duri ng re2
ce nt yea rs , a nd a ZnO p2i2n homojunction light2e2
mit ti ng diode has bee n rep orted by Tsukaza ki et

al . [ 4 ] , t he f a brica tion of a n eff ective ZnO L ED

still requi res f urt he r develop me nt of rep roduci2
ble , excelle nt , p2t yp e mate rial . The re have bee n

some rep orts on n2t yp e ZnO hete rojunctions ,such

as on p2typ e Cu2 O [ 5 ] . However , due t o t he device

i nte rf ace cause d by a la rge lat tice mismatc h , t he

device p e rf orma nce was greatly i mp aire d . Consid2
e ri ng t he close lat tice p a ra mete rs of ZnO , GaN ,

a nd Si C , t he re were some ea rly rep orts on t he f a b2
rica tion of L EDs based on ZnO/ GaN a nd ZnO/

Si C hete rost ruct ures [ 6～8 ] . Some rep orts suggest

t hat t he 430nm e mission f rom ZnO/ GaN unde r

f orwa rd bias origi nates f rom t he deep level of p2
GaN [ 9 ] , a nd ot he r p ap e rs have rep orted e missions

f rom t he ZnO/ SiC hete rojunction unde r reve rsed

bias [ 10 ] , but no e mission has bee n obse rved unde r

f orwa rd bias . Si mila r results have also bee n ob2
se rve d i n a na norod a r ray n2ZnO/ p2GaN hete ro2
st ruct ure [ 11 ] . I n t his st udy , we rep ort t he f a brica2
t ion a nd e mission p rop e rties of n2ZnO/ p2GaN

hete rojunction L EDs . The cur re nt2voltage rela2
t ionship of t his hete rojunction shows a diode2li ke

rectif yi ng be havior . I n cont rast t o p reviously re2
p orte d results , dif f e re nt ef f icie nt elect rolumi nes2
ce nces ( EL ) a re obse rve d at room te mp erat ure

f rom t he n2ZnO/ p2GaN hete rojunction unde r
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bot h f orwa rd2bias a nd reve rse2bias . Detaile d re2
sults a nd discussion a re p rovide d t o exp lai n t he a2
bove results .

2 　Experiment

I n t his st udy , a Mg2dop ed p2GaN laye r (～
600nm) was f i rst grow n on sapp hire ( 0001) sub2
st ra te by t he sta nda rd MO CV D growt h p roce2
dure . Af te r activation of t he accep t ors by rap id

t he r mal a nneali ng i n N 2 a m bie nt , t he GaN sa mple

was p ut i nt o a not he r low p ressure MO CV D syste m

f or ZnO growt h . The n , a ZnO buff e r laye r was

grow n on GaN at 400 ℃f or 5mi n , a nd a n i nt ri nsic

n2ZnO f il m of ～600n m was dep osited at 600 ℃.

Hall measure me nts s how t hat t he hole conce nt ra2
t ion a nd mobilit y of GaN a re p = 51 8 ×1017 cm - 3

a ndμp = 25c m - 2 / ( V ·s) , a nd t he elect ron conce n2
t ra tion a nd mobilit y of ZnO a re n = 8 ×1017 cm - 3

a ndμn = 18c m - 2 / ( V ·s) , resp ectively.

The L ED device f a brica tion p rocesses a re as

f ollows . Fi rst , t he n2ZnO laye r was p a rtly etched

away dow n t o t he p2GaN laye r wit h a 5 % HCl so2
lution af te r maski ng t he surf ace . Second , af te r de2
p ositi ng a SiO2 t hin f il m on t he surf ace f or p rotec2
t ion , t he surf ace was mas ked f or t he second ti me .

Thi rd ,5 % H F a nd N H4 Cl solutions we re used t o

etc h away some p a rts of t he SiO2 dow n t o t he n2
ZnO t hrough a 60μm ×80μm op e ni ng i n t he

mask . Fi nally , Al was evap orated on t he surf ace t o

be used as elect rodes on t he ZnO a nd GaN . I n t he

t hi rd maski ng a nd etc hi ng p rocess , unwa nted Al

was etched away using a ce rtain ra tio of H3 PO 4 ∶
C H3 COO H4 ∶H2 O solution . It is f ound t hat t he

Al was etche d by t his solution , but SiO 2 is ve ry re2
sistive t o it . A sche matic diagra m of t he f i nal het2
e rojunction st ruct ure is show n in t he i nset of

Fig. 1 .

D uri ng t he device f a brication p rocess , t he

etc hi ng away of t oo much ZnO should be avoided

w he n etc hi ng t he SiO 2 . Howeve r , ZnO is easily

etc hed away by acid solution . The c he mical cha r2
acte ristics of ZnO result i n t he etching of ZnO by

H F solution during t he SiO 2 etchi ng ,causi ng da m2
age t o t he device . Thus it is c ritical t o cont rol t he

H F solution etc hi ng rate of SiO 2 a nd ZnO f or

ZnO device f a brica tion . B y va rying t he ra tio of

H F , N H4 F , a nd H2 O , t he etc hi ng rates of bot h

SiO 2 a nd ZnO we re well cont rolled in t his w or k .

Fig. 1 　Etching dep t h of SiO2 / ZnO as a f unction of

etching time at room temperature 　Inset shows t he

diagram of n2ZnO/ p2GaN heterojunction L ED device .

Figure 1 s hows t he etchi ng t hick ness dep e nde nce

on t he etchi ng ti me . B ot h SiO 2 a nd ZnO etc hi ng

t hic kness have a nea rly li nea r rela tions hip wit h

t he etching ti me w he n usi ng a ce rtai n p e rce ntage

of N H4 F ,i ndica ti ng t ha t t he H + ion de nsit y i n t he

solution has bee n well cont rolled duri ng t his etch2
i ng p rocess . The etchi ng rates we re kep t slow e2
nough ,wit h etchi ng ra tes f or SiO 2 a nd ZnO of 340

a nd 260 nm/ mi n resp ectively. U nde r t hese condi2
t ions , t he etchi ng of ZnO ca n be easily p reve nted

by cont rolli ng t he SiO2 etching ti me duri ng t he

SiO 2 etc hi ng p rocess .

The elect rolumi nesce nce of t he n2ZnO/ p2
GaN L ED was p erf or me d under bot h f orwa rd a nd

reve rsed biase d conditions a t room te mp erat ure
( R T) . R T p hot oluminesce nce sp ect ra were recor2
de d as excited by a He2Cd lase r (325nm) .

3 　Results and discussion

The cur re nt2voltage ( I2V) relationship of t he

f a bricated hete rojunction a t R T is p rese nte d i n

Fig. 2 ,exhibiti ng a diode2li ke rectif yi ng be havior .

The f orwa rd t urn2on voltage of t his n2p hete ro2
junction is a round 11 7V , w hic h see ms quite low .

This may be due t o t he existe nce of i nte rf ace de2
f ects [ 12 ] . The lea kage cur re nt unde r reve rse bias is

～8 ×10 - 6 A . It is also noticed t hat t he cur re nt

does not i nc rease disti nctly wit h t he bias voltage .

Howeve r , t he f orwa rd c ha racte ristics i n Fig. 2

were obtai ne d w he n t he n2p junctions were unde r

reve rse bias , i ndica ting t hat t he re exists a not he r
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p ote ntial ba r rie r ,w hich is t hought t o be ge ne ra ted

by t he p rese nce of a la rge Schot t ky ba r rie r f or med

by t he Al contact t o t he p2GaN . I n f act , t he Al/ p2
GaN/ Al I2V relationship does s how non2oh mic

contact be havior w hic h is not show n here , a nd t he

Al/ p2GaN Schot t ky contact is t he n unde r t he f or2
wa rd2bias . The n2ZnO/ p2GaN hete rojunction

s hows t yp e Ⅱ ba nd align me nt , as also show n i n

t he i nset in Fig. 2 . The conduction ba nd of fset is

ΔEC = χ( GaN ) - χ( ZnO ) = - 01 15eV , a nd t he

vala nce ba nd of fset ΔEC is ΔEV = Eg ( GaN ) -

Eg ( ZnO) +ΔEC = - 01 13e V .

Fig. 2 　Current2voltage relationship and energy2band

diagram of an n2ZnO/ p2GaN heterojunction device

The f orwa rd2voltage of t his I2V curve was

f ormed w he n voltage f or t he n2p junctions was un2
de r reve rse2bias voltage a nd t he Schot t ky contact

was under f orwa rd bias . Conside ri ng t he existe nce

of Sc hot t ky contacts , t he w hole st ruct ure boils

dow n t o tw o resist ors i n se ries . O ne is a n n2p junc2
t ion , a nd t he ot he r results f rom t he Sc hot t ky con2
t act . The i njection cur re nt t h rough t he junction
( J p n ) ca n be de rived i nt o two bra nc hes [ 12 ] . O ne is

t he elect ron2i njecte d cur re nt ( J n ) , t he ot he r is t he

hole2i njected cur re nt ( J p ) . U nde r t he f orwa rd bi2
as of t his L ED st ruct ure , t he cur re nt of t he n2p

junction is J n2p = J p + J n . The cur re nt f lows f rom

t he n2ZnO t o t he p2GaN , t he reve rse of t he n2p

junction di rection . At t he sa me ti me , t he Schot t ky

contact is unde r f orwa rd bias . Thus , t he t otal f or2
wa rd cur re nt of t his st ructure is J = J n2p , w hich is

mai nly dete rmi ne d by t he p2n junction reve rsed

be havior wit h a s mall cur re nt . The s mall cur re nt

may be caused by a la rge num ber of def ects in t he

n2ZnO/ p2GaN inte rf ace .

O n t he ot he r ha nd ,w he n t he device is reve rse

biase d , t he n2p junction is t he n f orwa rd2biased a nd

t he Schot t ky contact is reve rse2biase d. Thus , t he

t otal reve rse cur re nt of t his st ruct ure is J = J m2s ,

w hich is mai nly dete rmi ned by t he Schot t ky con2
t act junction reve rsed be havior . The s mall cur re nt

may be caused by t he def ects i n t he Al/ p2GaN in2
te rf ace , w here some mixed p hase st ruct ures a re

cor rosion2resist a nt a nd re mai n on t he p2GaN sur2
f ace af te r t he ZnO etchi ng p rocess .

Room te mp era t ure EL sp ect ra of t he n2ZnO/

p2GaN L ED we re measured at bot h f orwa rd2bias
( a ) a nd reve rse2bias ( b ) volt ages , as show n i n

Fig. 3 . A distinct blue EL e mission at a round

430nm wit h a tail exte ndi ng t o t he low e nergy side

was obtai ned under reve rse bias voltage f or t he

w hole device , but a t a f orwa rd bias f or t he p2n

junction , as discusse d a bove . Our results a re i n

Fig. 3 　Room temperature EL spect ra of n2ZnO/ p2
GaN under f orward2bias ( a) and reverse2bias ( b) volt2
ages

good agree me nt wit h p revious w or ks , w hich at2
t ribute d it t o t he i njection of elect rons f rom t he n2
ZnO side i nt o t he p2GaN side [ 9 ,13 ] . I n orde r t o

st udy t he origi n of t his e mission , PL was used t o

cha racte rize t he p2GaN ( curve c ) a nd n2ZnO
(curve a) , as show n i n Fig. 4 . The ZnO has only a

st rong nea r ba nd edge e mission at 376nm a nd no

deep level e missions . Comp a re d wit h t hat of ZnO ,

t he PL i nte nsit y of GaN is much s malle r , w hich

p ossibly due t o a la rge numbe r of nonra dia tive

ce nte rs i n t he mate rial caused by Mg i ncorp ora2
t ion . The wea k e mission of GaN ,a round 365 nm ,is
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at t ribute d t o ba nd e dge e mission of t he GaN . A

broa d e mission of GaN a round 390 nm wit h a

broa d tail exte nded t o t he low e nergy side was al2
so obse rved , w hich is relate d t o t he donor2accep2
t or2p ai r ra dia tive t ra nsitions [ 14 ] . Howeve r , cont ra2
ry t o p revious results , no p hot olumi nesce nce p ea k

was obse rve d a round 430nm i n t he p2GaN sa m2
p les .

Fig. 4 　Room temp erature PL spect ra of as2grow n

ZnO (curve a) , GaN p rior t o ZnO growt h (curve c) ,

and also GaN sample (curve b) which has undergone

ZnO growt h and t hen been removed

A not he r p2GaN sa mple ( curve b) was t he n

e mployed f or p hot olumi nesce nce measure me nt ,

w hich ha d undergone ZnO growt h a nd acid solu2
t ion etc hi ng t o re move t he ZnO epilaye r . This

sa mple shows a disti nct broa d e mission a round

430nm ap a rt f rom t he nea r2ba nd e mission a nd

D A P e mission , as show n i n Fig. 4 . B y comp a rison

wit h t he PL of p2GaN , it is believed t hat t his

broa d e mission comes f rom t he i nte rf ace def ects

w hich f or med during t he ZnO growt h p rocedure .

U nde r t he f orwa rd2biased condition , as

s how n i n curve a i n Fig. 3 , t he EL e mission is ce n2
te red a t 31 2e V ( 382 nm ) wit h a relatively small

p ea k widt h . The p ea k e ne rgy of t his e mission co2
i ncides well wit h t hat i n t he p hot oluminesce nce

sp ect rum of p2GaN . W he n t he device is unde r re2
ve rse2bias , t he n2p junction shows reve rse cha rac2
te ristics w hile t he Sc hot t ky junction s hows f or2
wa rd cha racte ristics . Elect rons may be i njected

f rom Al i nt o p2GaN t o recom bi ne wit h holes i n

t he GaN region t o give a n e mission a round

382nm . The a bse nce of t he nea r ba ndgap e mission

of t he p2GaN may result f rom t he low e mission in2
te nsity a nd t he self2a bsorp tion of t he p2GaN sa m2
p le surf ace laye r f ormed duri ng t he ZnO growt h .

4 　Conclusion

In t his st udy , bot h t he f a brication p rocess a nd

wet etc hi ng tec h nique t o ma ke n2ZnO/ p2GaN het2
e rojunction L EDs have bee n de monst ra ted . B y va2
ryi ng t he ratio of H F ,N H4 F a nd H2 O , t he etc hi ng

rates of SiO 2 a nd ZnO were well cont rolle d . The

n2ZnO/ p2GaN hete rojunction exhibits a diode2li ke

rectif yi ng be havior wit h a s mall t h res hold voltage

of 11 7V . Disti nct EL e missions under f orwa rd a nd

reve rse biases were obse rved by t he na ked eye .

The e mission a round 430nm under reve rse2bias

voltage f or t he device is at t ribute d t o i nte rf ace de2
f ects betwee n t he ZnO a nd GaN , w hich were

f or med duri ng t he ZnO growt h on t he GaN , a nd

t he e mission of 382nm t hat comes f rom t he GaN

under f orwa rd2bias voltage f or t he device is at2
t ribute d t o elect rons injected f rom t he Al int o t he

p2GaN t o recombi ne wit h holes i n t he GaN re2
gion .
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n2ZnO/ p2Ga N异质结构发光二极管的制备与特性

周 　昕 　顾书林 　朱顺明 　叶建东 　刘 　伟 　刘松民 　胡立群 　郑有 　　张 　荣 　施 　毅

(南京大学物理系 江苏省光电信息功能材料重点实验室 , 南京　210093)

摘要 : 报道了 n2ZnO/ p2GaN 异质结构发光二极管的制备及其发光特性. 采用金属有机气相外延技术在 Mg 掺杂 p

型 GaN 衬底上外延 n 型 ZnO 薄膜以形成 p2n 结. 实验发现在一定配比的 H F 酸和 N H4 Cl 溶液中 ,腐蚀深度和腐
蚀时间呈线性关系 ,并且二氧化硅和 ZnO 的腐蚀速率得到很好的控制 ,这对器件制备的可靠性非常重要. 电流2电
压 ( I2V) 特性测试显示该器件结构具有明显的整流特性. 室温下 ,在正反向偏压状态下都可用肉眼观察到电致发光
现象. 同时 ,通过与光致发光谱进行比较 ,对电致发光谱中发光峰的起源和发光机制进行了探讨.

关键词 : ZnO/ GaN 异质结构 ; 发光二极管 ; 金属有机气相外延 ; 腐蚀工艺
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