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Abstract : The t ransitions of E0 , E0 +Δ0 , and E + in dilute GaAs12x N x alloys wit h x = 0. 10 % ,0 . 22 % ,0. 36 % ,and

0 . 62 % are observed by micro2p hot oluminescence . Resonant Raman scat te ring results f urt her conf irm t hat t hey are

f rom t he int rinsic emissions in t he studied dilute GaAsN alloys rat her t han some localized excit on emissions in t he

GaAsN alloys . The results show t hat t he nit rogen2i nduced E + and E0 +Δ0 t ransitions in GaAsN alloys inte rsect at

a nit rogen content of about 0 . 16 %. It is demonst rated t hat a small amount of isoelect ronic doping combined wit h

micro2p hot oluminescence allows direct observation of above band gap t ransitions t hat a re not usually accessible in

p hot oluminescence .
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1 　Introduction

Ga ( In) AsN semiconductor alloys containing
small concent rations of nit rogen have at t racted
much at tention due to t heir unusual p hysical p rop2
erties[ 1～4 ] . A nit rogen isoelect ronic substit ution in
GaAs of only 1 % can int roduce a reduction of the
f undamental band gap ( E0 ) by about 200meV [1 ] .
The large bowing parameters in Ga ( In) AsN alloys
make it easy to realize long2wavelengt h semicon2
ductor lasers with higher temperature stability for
optical2fiber communications on GaAs subst rate[5 ] .
A nit rogen2induced level ( E+ ) above t he conduc2
tion2band minimum has been observed experimen2
tally for Ga InNAs samples[3 ,4 ] . Whereas E0 under2
goes a red shif t and t he spin2orbit split2off t ransi2
tion ( E0 +Δ0 ) app ea rs wit h t he i nc rease of nit ro2

ge n conce nt ration ( ≤3 %) , E + i ncreases wit h in2
creasi ng nit roge n conte nt [ 3 ,6 ,7 ] . Up t o now , ma ny

mecha nis ms have bee n p rop osed t o exp lain t he

unexp ected nit roge n2induced cha nges on t he ba nd

st ruct ures of Ga ( In) AsN alloys [ 4 ,7～10 ] . The origi n

a nd nat ure of t he E + level a re not completely

clea r yet . The E + level i n GaAsN alloys has bee n

di rectly p robed by modula ted ref lecta nce sp ect ra ,

a nd E + has bee n clea rly resolve d only f or nit ro2
ge n conce nt ra tions dow n t o a bout 0 . 8 %[ 3 ] . O btai2
ni ng well2resolved E + levels i n dilute Ga ( I n) AsN

alloys is ve ry i mp orta nt f or unde rsta ndi ng t hei r

unusual p hysical p rop e rties a nd t he mecha nisms

be hi nd t he m . The much lower nit roge n conte nt i n

GaAsN alloys , howeve r , results i n unresolved sp ec2
t ral f ea tures of E0 +Δ0 a nd E + , a nd t hese f eat ures

a re always i nte r rup ted by t he E0 +Δ0 signal f rom
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t he GaAs subst ra te in modula ted ref lecta nce

measure me nts [ 7 ] . To t he best of our knowle dge ,

t he re has bee n no rep ort on t he p hot olumi nes2
ce nce e mission f rom t he E0 + Δ0 a nd E + t ra nsi2
t ions i n GaAs12x N x alloys . I n t his p ap e r , we rep ort

t he e mission f rom t he a bove ba nd2gap sta tes i n

t he e ne rgy region releva nt t o E + a nd E0 +Δ0 , e2
ve n i nt o t he comp osition region of x = 0 . 1 % f rom

t hei r micro2p hot olumi nesce nce (μ2PL ) sp ect ra .

The obse rva tion of t hese t ra nsitions i n dilute

GaAsN alloys f rom PL sp ect ra is ve ry usef ul i n

studying t he mecha nis ms resp onsible f or t hei r un2
usual p hysical p rop e rties .

2 　Experiment

The GaAs12x N x samples investigated here were

grown by gas2source molecular beam epitaxy on
semi2insulating (001) GaAs subst rates at 420 ℃at
a growt h rate of 0. 8mm/ h using an RF nit rogen
radical beam source with a mixt ure of N2 and Ar in
a ratio of 1 ∶9. The epilayer t hickness of the sam2
ples is nominally 400nm. Four samples (No . 2658 ( x

= 0. 10 %) ,No . 2846 ( x = 0. 22 %) ,No . 2847 ( x = 0.
36 %) ,and No . 2848 ( x = 0162 %) ) were used in
t his st udy. The detailed growt h process has been
described elsewhere[11 ] . The nit rogen concent ra2
tion was determined by high2resolution X2ray rock2
ing curve measurement s and t heoretical dynamical
simulations. The PL and Raman spect ra of the
GaAsN samples were recorded by two micro2Ra2
man systems (Dilor Super Labram and Dilor HR)

in a back2scat tering geomet ry. The systems consist
of holograp hic notch filters for Rayleigh rejection
and a long2working2distance microscope with a 50
× objective lens , allowing a high signal2to2noise
ratio and a spatial resolution of ～1. 0μm . The lase r

excit a tion wavele ngt hs a re 51415nm f or a n A r +

lase r , 632 . 8nm f or a He2Ne lase r , a nd 671 . 0nm

f or a diode p ump e d solid2sta te red lase r . The sa m2
p le te mp e rat ure was cont rolled by a p rogra m ma2
ble hot2stage T HMS 600 f rom L i nka m Scie ntif ic

Inst rume nts L t d .

3 　Results and discussion

Figure 1 shows t he PL spect ra of GaAs12x N x

samples ( x = 0 ,0. 1 % ,0. 22 % ,0. 36 % ,and 0162 %)

at 80 K , which were excited by a 632. 8nm He2Ne

laser . For t he GaAs reference sample ,t he PL peak
at 822. 8nm is f rom t he recombination near it s f un2
damental band gap E0 . A broad peak is located at
669nm ,whose energy is 0. 346eV higher t han t hat
of E0 . The energy of 0. 346eV is very close to t he
spin2orbit split ting Δ0 i n bul k GaAs [ 7 ] , a nd t hus

t he p ea k at 669nm is assigned as t he t ra nsition

f rom t he sp i n2orbit sp lit2off vale nce ba nd ( E0 +
Δ0 ) . Two s ha rp p ea ks i n t he PL sp ect ra of t he

GaAs ref e re nce sa mple cor resp ond t o t he f i rst2
a nd second2orde r longit udinal op tical (L O) modes

of bul k GaAs at 295 a nd 589cm21 , resp ectively.

The 2L O mode i n bul k GaAs is ve ry wea k unde r

ot he r excit ations , suc h as a n excit ation of

51415nm . It is , however , app a re nt t ha t it is reso2
na ntly e n ha nce d by t he obse rved E0 + Δ0 t ra nsi2
t ion in t he PL sp ect ra .

Fig. 1 　PL sp ect ra of GaAs12x N x samples ( x = 0 ,

011 % , 0122 % , 0. 36 % , and 0. 62 %) excited by a

63218nm laser at 80 K in t he range f rom 635 t o 940nm

The ar rows ,sta rs and crosses indicate t he observed PL

peaks . The inset shows t he nit rogen2induced levels in

GaAsN as a f unction of nit rogen concent ration and t he

f it ting results . The dashed lines give t he peak f it ting

results f or x = 0. 1 % and 0. 22 %. The sp ect ra are ver2
tically shif ted f or clarity. The vertical dash2dot ted line

indicates t he wavelengt h of 671. 0nm.

For GaAs12x N x sa mples ( x ≠0) , as show n i n

Fig. 1 , t he PL p ea ks a bove 800n m la beled wit h

crosses ( + ) a re f rom t he e mission of t hei r f unda2
me ntal ba nd gaps E0 ,w hic h were obse rve d by L uo

et al . unde r short p ulse excit ation [ 12 ] . He re , it

s hows t hat t he micro2PL tech nique is ve ry p ower2
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f ul i n investigati ng t he alloy sta tes i n dilute

GaAs12x N x alloys , because t he localized states f rom

some def ect ce nte rs will be sat urate d due t o t he

li mite d number of localization ce nte rs unde r a

high p ower de nsit y of a bout 100k W/ c m2 . We do

not obse rve signif ica nt blue2shif t ( < 1me V) of t he

PL p ea ks under dif f e re nt excit ation p owers a t

80 K. These p ea ks decrease i n e ne rgy wit h t he i n2
crease of nit roge n conte nt f rom 0 . 1 % t o 0 . 62 %.

From t he e ne rgy of t he E0 t ra nsition , we ca n de2
duce t ha t t he bowi ng coef f icie nts a re 37 . 7 , 31 . 0 ,

25 . 9 , a nd 2317e V , resp ectively , f or t he dilute

GaAs12x N x alloys wit h x = 0 . 1 % , 0 . 22 % , 0 . 36 % ,

a nd 0 . 62 % af te r assuming a ba ndgap e ne rgy of

3129e V f or cubic GaN at 80 K[ 13 ] . This is well

know n as t he gia nt a nd comp osition2dep e nde nt

op tical bowi ng coef f icie nt in GaAs12x N x al2
loys [ 1 ,2 ] . I n t he sp ect ral ra nge f rom 640 t o 740nm ,

two broa d p ea ks we re obse rved i n t he PL sp ect ra

of GaAs12x N x sa mples wit h x of 0110 % , 0136 % ,

a nd 0162 %. The two p ea ks a re so close f or t he

sa mple wit h a nit roge n conte nt of 0122 % t hat it is

ha rd t o disti nguis h t he m . Tw o p ea ks wit h a li ne

s hap e li ke t he E0 +Δ0 p ea k in bul k GaAs a re used

t o f it t he high2e ne rgy p ea ks of 0110 % a nd 0122 %

alloys , a nd t he f it ti ng p ea ks a re show n i n Fig. 1 as

dashed li nes . The e ne rgies of all t he obse rved PL

p ea ks a re sum ma rized i n t he i nset of Fig. 1 . The

data clea rly s how t hat t he PL p ea ks a t 68211 ,

69110 , 70112 , a nd 719nm obse rve d i n GaAs12x N x

sa mples closely t rack t he nit roge n conte nt de2
p e nde nt E0 e ne rgy wit h a consta nt blue2s hif t of

01348eV ,w hich is equal t o t he sp in2orbit sp lit ti ng
Δ0 i n bul k GaAs . This i ndica tes , t he ref ore , t ha t

t hese PL p ea ks a re t he t ra nsition f rom t he sp i n2
orbit sp lit2of f vale nce ba nd ( E0 +Δ0 ) i n GaAs12x2
N x . They a re la belled wit h sta rs ( 3 ) in Fig. 1 .

More i mp orta ntly , besides t he PL p ea ks of E0

a nd E0 +Δ0 , t he ot he r PL p ea ks indicated i n Fig. 1
by a r rows i nc rease i n p ea k e ne rgy wit h i ncreasi ng

nit roge n conte nt , a be havior w hich is si mila r t o

t hat of t he E + e ne rgy obse rve d by modulated re2
f lecta nce i n GaAsN alloys [ 3 ,7 ] . The e ne rgy of

t hese p ea ks is e ncomp assed by t he rep orted E0 +
Δ0 a nd well2k now n nit roge n2i nduced level ( E + ) .

For exa mp le , t he e ne rgy 11865e V ( 11838eV ) of

t he PL p ea k at 66417nm ( 67411nm) f or t he x =
0162 % (0136 %) GaAs12x N x sa mple is ve ry close t o

t hat of t he nit roge n2i nduce d E + level obse rved by

modula ted ref lecta nce measure me nt at 80 K[ 7 ] .

The ref ore ,we believe t hat t he ot he r PL p ea ks a re

t he exp ected op tical t ra nsitions related t o t he ni2
t roge n2i nduce d E + sta tes . I n a ddition t o t he a bove

broa d PL p ea ks , ma ny s ha rp p ea ks close t o t he la2
se r li ne a re also obse rved f or all dilute GaAs12x N x

sa mples . These sha rp p ea ks a re Ra ma n p ea ks of

dilute GaAs12x N x , i ncludi ng GaAs2li ke L O , 2L O ,

3L O , a nd 4L O p honons at a bout n ×295cm21 a nd

a GaN2li ke L O p honon at ～ 473c m21 . Ref e r ring t o

t he Ra ma n sp ect ra of bul k GaAs , we see clea rly

t hat t he Ra ma n modes a re resona ntly e nha nce d i n

i nte nsit y by t he obse rved high2e ne rgy PL p ea ks .

For exa mple , t he i nte nsities of t he GaN2li ke L O

a nd GaAs2li ke 2L O a nd 3L O p honon modes loca2
ted nea r t he broa d high2e ne rgy PL p ea k i n t he

GaAs12x N x sa mple wit h x of 0 . 62 % a re much

st ronge r t ha n t hose i n t he GaAs12x N x sa mples wit h

x of 0 . 1 % a nd 0 . 22 %. The p revious results show

t hat t he out2goi ng resona nce , rat he r t ha n t he i n2
comi ng resona nce , domi nates t he Ra ma n light2
sca t te ri ng p rocess i n GaAsN alloys [ 15 ] . As show n

i n Fig. 1 , t he zone2bounda ry p honons L A (L ) ( =
207c m21 ) , L O ( L ) ( = 243c m21 ) , a nd TO ( X ) ( =
207c m21 ) t o t he lef t of t he GaAs2li ke L O p honon

modes i n GaAsN alloys become st ronge r as t he PL

p ea ks app roach t he Ra ma n modes f or GaAs12x N x

sa mples wit h la rge r nit roge n conte nt , suc h as x =
0 . 36 % a nd 0 . 62 %. This is a typ ical resona nt Ra2
ma n be havior rela te d t o t he E + t ra nsition i n

GaAsN alloys [ 14 ,15 ] . The resona nt be havior of t he

Ra ma n modes f urt he r suggests t ha t t he PL p ea ks

la bele d wit h a r rows a re f rom t he int ri nsic t ra nsi2
t ions wit h t he E + level i n our GaAs12x N x sa mples .

For dilute GaAs12x N x sa mples ( 011 % ≤x ≤
0162 %) , as s how n i n t he i nset of Fig. 1 , t he ob2
se rve d levels of E0 a nd E0 +Δ0 exhibit a nonli nea r

dep e nde nce on t he nit roge n conte nt , w hich i ndi2
cates t ha t t he bowi ng coef f icie nts a re st rongly de2
p e nde nt on t he comp osition of t he GaAs12x N x al2
loys . E + i ncreases wit h i ncreasi ng nit roge n con2
te nt in GaAsN alloys ,w hereas E0 a nd t he sp i n2or2
bit sp lit2off t ra nsition ( E0 +Δ0 ) decrease wit h t he

i nc rease of nit roge n conce nt ration . E + i nte rsects

E0 +Δ0 at a nit roge n conte nt of a bout 0116 %. For

t he x = 0 . 1 % sa mple , t he E + t ra nsition is lower i n

e ne rgy t ha n t he E0 +Δ0 t ra nsition . It is also f ound

t hat t he i nte nsit y of t he E + t ra nsition is much

st ronge r t ha n t ha t of t he E0 +Δ0 t ra nsition f or t he
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x ≥0122 % sa mples ,w he reas t he E0 +Δ0 t ra nsition

exceeds t he E + t ra nsition i n i nte nsity f or t he x =
011 % sa mple .

I n a small ra nge of nit roge n conce nt ra tion

betwee n 0 . 10 % a nd 0 . 62 % , it is f ound t hat t he

e ne rgies of E + a re al most li nea r ve rsus t he nit ro2
ge n comp osition of alloys . L i nea r ext rap ola tion t o

t he dilute li mit of t he E + t ra nsition i n GaAs12x N x

yields t he e ne rgy E + ( x = 0 + ) of 11797eV . The i2
de ntif ica tion of t he E + PL p ea k as a localized res2
ona nt N level is ve ry unlikely because t he linea r

ext rap ola tion e ne rgy 11797e V of E + ( x = 0 + ) a t

80 K is eve n muc h la rge r t ha n t he N x t ra nsition [ 16 ]

of 1168eV below 10 K , a nd p revious works also

s how t hat t he s hif t of N x is rat he r small i n a dilute

nit roge n li mit [ 17 ,18 ] . Because t he PL p ea ks associ2
ate d wit h E0 + Δ0 a re ve ry wea k , t he elect ronic

t ra nsition f rom t he conduction ba nd ext re mum t o

t he sp i n2orbit sp lit vale nce ba nd is not a p ossible

ca ndidate f or t he E + p ea k . The nit roge n i ncorp o2
ration int o GaAs brea ks t he t ra nslational sym me2
t ry of t he la t tice , a nd t he i mp urit y p ote ntial sp lits

t he L 1c2derived qua drup let int o a n a1 ( L 1c ) si nglet

a nd a t 2 ( L 1c ) doublet a nd t he Γ1c state becomes a

a1 (Γ1c ) si nglet [ 8～10 ] . Conside ri ng t hat t he de rived

E + ( x = 0 + ) is al most equal t o t he e ne rgy 118e V

of L C
t conduction ba nd mi ni mum of GaAs rela ted

t o t he t op (ΓV
8 ) of t he vale nce ba nd at 77 K[ 13 ] , we

asc ribe t he obse rved E + p ea k t o t ra nsitions be2
twee n t he t op of t he vale nce ba nd a nd high lyi ng

conduction ba nd sta tes nea r t he L p oi nt , w hich

have bee n st rongly p e rturbed by t he nit roge n do2
p i ng.

I n bul k GaAs , op tical t ra nsitions f rom L 1c

a nd X1c t o t he vale nce maxi mum a re f orbidde n . I n

a n orde red st ruct ure (one N i n a sup e rcell) , t he L

p oi nt is f olded t o t he Γp oi nt a nd obtai ns some Γ
comp one nt due t o coup ling t o t he Γ p oi nt [ 10 ] . I n

t he real sa mple , bei ng disorde red , op tical t ra nsi2
t ions f rom t he dege ne rated a1 ( L 1c ) t o t he vale nce

maxi mum become p a rtially allowe d due t o t he re2
laxation i n t he selection rule rela ted t o t he t ra ns2
la tion sym met ry [ 10 ] . Previous pseudop ote ntial cal2
culations have i ndicate d t ha t t he GaAs host st ates

will be quite st rongly p e rt urbe d by t he i ncorp ora2
t ion of nit roge n by t he Γ2L2X mixing eff ect ,

w hich results i n all levels contai ni ng a signif ica nt

a dmixt ure of Γ2like c ha racte r [ 8～10 ] . The op tical

t ra nsition p roba bilit y is def ined by t hei rΓcha rac2

te r . This may be t he mai n reason t hat op tical t ra n2
sitions f rom t he t op of t he vale nce ba nd t o t he

p e rt urbed a1 ( L 1c ) become allowed .

Fig. 2 　PL and Raman spect ra of GaAs12x2N x samples

excited by 671nm laser at 80 K in t he range f rom 677

t o 750nm 　The stars indicate t he observed PL peaks .

The spect ra are vertically shif ted f or cla rity.

Figure 2 s hows PL sp ect ra of GaAs12x N x sa m2
p les ( x = 0 ,0 . 1 % , 0122 % , 0136 % , a nd 0162 %) at

80 K excited by a lase r line of 671nm . The broa d

PL p ea ks we re also obse rve d f or each GaAs12x N x

sa mple as ma r ke d wit h sta rs a nd a r rows . These

p ea ks a re f rom t he E0 +Δ0 (sta r ma r ked) or E +

( a r row ma r ke d ) t ra nsitions i n t hese GaAsN al2
loys . Because of t he condition of nea r resona nt ex2
cit ation , t he PL p ea k of t he E0 + Δ0 t ra nsition

s hows st ronge r i nte nsit y t ha n t hose excited wit h

t he 63218n m excitation . The 51415n m lase r li ne of

a n A r + lase r is also use d as a n excit ation ( results

not s how n) , a nd t he relative i nte nsit y of t he E0 +
Δ0 t ra nsition t o t he E + t ra nsition is a bout te n

ti mes wea ke r t ha n t hat excite d wit h t he 63218nm

lase r f or t he x = 0 . 62 % alloys . The sha rp p ea ks i n

Fig. 2 a re Ra ma n p ea ks of dilute GaAs12x N x al2
loys . For bul k GaAs , only one Ra ma n p ea k of 1L O

p honon is obse rve d. However , GaAs2li ke 2L O a nd

3L O p honon modes a re obse rved i n t he Ra ma n

sp ect rum of eac h GaAsN alloy. The ve rtical dash2
dot te d li ne i n Fig. 1 s hows t he wavele ngt h p osition

of t he 67110n m lase r . O ne ca n see t ha t t he e ne rgy

of t he E + t ra nsition of a GaAs12x N x alloy wit h x

= 0136 % is slightly lowe r t ha n t ha t of t he

67110nm lase r li ne w he reas t hat of a GaAs12x N x

004



第 3 期 Tan P H et al . : 　Resonant Raman Scat tering and Phot oluminescence Emissions f rom ⋯

alloy wit h x = 0162 % is la rge r t ha n t hat of t he

67110nm lase r li ne . That t he 3L O p honon mode i n

t he x = 0162 % alloy is st ronge r t ha n t he t ha t of

t he x = 0136 % alloy indicates t hat t he 3L O p ho2
non mode i n t he x = 0162 % alloy is resona ntly e n2
ha nce d by its E0 +Δ0 t ra nsition , because t he out2
going resona nce domi nates t he light2sca t te ri ng

p rocess in GaAsN alloys [ 15 ] . Usi ng a low excita2
t ion p owe r , a GaAs2li ke 4L O p honon mode was

also obse rve d i n t he x = 0162 % alloy. Theref ore ,

t he results of resona nt Ra ma n scat te ri ng f urt he r

ve rif y t he i nt ri nsic f eat ure of ba nd gap e mission

f rom t he obse rve d E0 +Δ0 t ra nsition i n GaAs12x N x

alloys . For t he 0 . 1 % alloy ,its E0 +Δ0 t ra nsition is

ve ry close t o t he excit ation e ne rgy. However , we

still obse rve t he GaAs2li ke GaAs2li ke 3L O p honon

p ea k i n t his alloy . This suggests t ha t t he ot he r lev2
el of E + obse rved by 633nm excitation should res2
ona ntly e nha nce t his high orde r Ra ma n p ea k ,

w here t he PL signal of E + t ra nsition is e ns hrou2
de d i n t he st rong resona ntly2excited PL signal of

t he E0 +Δ0 t ra nsition .

4 　Conclusion

In summary ,we have observed t hree group s of
PL peaks in dilute GaAs12x N x alloys wit h x =
0110 % ,0122 % ,0136 % ,and 0162 % by micro2p ho2
toluminescence measurement s. U sing t hese and
resonant Raman scat tering measurement s , t he
t hree group s of PL peaks are confirmed to be the
int rinsic t ransitions of E0 , E0 +Δ0 a nd E + i n t he

studie d dilute GaAsN alloys . The bowi ng coef f i2
cie nts a re deduced as 3717 ,3110 ,2519 , a nd 2317e V

at 80 K , resp ectively , f or t he dilute GaAs12x N x al2
loys wit h x = 011 % , 0122 % , 0136 % , a nd 0162 %.

Our results show t hat t he nea r2resona nt excita tion

of t he mic ro2PL sp ect ra is ve ry imp orta nt i n ob2
se rvi ng t he op tical t ra nsitions a bove t he f unda2
me ntal ba nd gap of se miconduct or mate rials .
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低 N含量 GaAsN材料的共振喇曼散射及其带边以上的光致发光光谱 3

谭平恒1 , 　罗向东2 ,5 　葛惟昆2 　徐仲英1 　Zhang Y3 　Mascarenhas A3 　Xin H P4 　Tu C W4

(1 中国科学院半导体研究所 超晶格国家重点实验室 , 北京　100083)

(2 香港科技大学物理系 , 香港)

(3 National Renewable Energy Laboratory , Golden , Colorado 　80401 , USA)

(4 Depart ment of Elect rical and Computer Engineering , University of California at San Diego , La Jolla , California 　92093 , USA)

(5 南通大学理学院 江苏省光用集成电路设计重点实验室 , 南通　226007)

摘要 : 利用显微光致发光技术 ,观测到了 N 含量为 0. 1 % ,0. 22 % ,0. 36 %和 0. 62 %的 GaAsN 合金的 E0 , E0 +Δ0

和 E + 能级的光致发光峰 . 共振喇曼散射谱进一步证实了这些发光峰来源于所研究材料的本征能级 ,而不是来源于
GaAsN 合金中的一些局域激子发射. 随着 N 组分的增加 , E0 +Δ0 和 E + 能级分别向低能和高能方向移动并在 N

组分为 0. 16 %时发生交错. 文中提出了一种少量等电子掺杂和显微光致发光谱相结合的方法来直接观测半导体材
料带边以上的跃迁能级 ,尽管光致发光谱通常没有用来观测这些能级位置.

关键词 : GaAsN ; 共振喇曼散射 ; 光致发光 ; 带隙 ; 等电子掺杂
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