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W e have per formed photo l um inescence measurements in order to stud y

the optical prop erties of hydro genated Ga A s1 À y N y /GaA s heterostructures
for y ranging from 0 to 0.03. H ydrogen irradiati on leads to : (i ) a progressive
passiv ation of N -related recom bination lines for low N content ( y ¤ 0: 00 1 );
(ii) a sizable blue shif t of the band gap in the \alloy " limit ( y ¤ 0 :01 ).

T hermal anneali ng restores the optical prop erties samples had b efore hydro-
genation. T hese results can be accounted for by the formation of N À {H +

comple xes and demonstrate that hydrogen irradiatio n pro vides a powerf ul

to ol for the analysis of photolumi nescence spectra of GaA s1 À y N y .

PAC S numb ers: 78.66.Fd , 71. 55.E q, 78.55.Cr

Ni tro gen is an isoelectro nic im puri t y in GaP and in GaAs, where i t substi -
tutes group V ato m s. N incorp orati on has been wi dely investigated in GaP, where
i t gives rise to the form atio n of several bound states deep in the band gap [1]. Pho-
to lum inescence (PL) spectra are characteri zed by sharp, stro ng resonances, each
correspondi ng to radi ati ve recom binatio n from exci to ns bound either to isolated
N ato m s or to neighb or NN pai rs [1{ 3]. The electroni c properti es of GaAs N ,
instead, are lesswell understo od, mainl y because the isolated N level is here reso-
nant wi th the GaAs conducti on band [4]. The existence of thi s state, as wel l as of
tho se rel ated to NN pai rs, has been pro ved by PL experim ents under hydro stati c
pressure [5, 6]. At low N concentra ti on ( ), N- related tra nsiti ons appear
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just below the band gap [7, 8], whi le at higher concentra ti ons, namely in the \ al -
loy" l im it (y Ñ 0 : 0 1 ), a stro ng red shift of the band gap [9] and a huge opti cal
bowi ng are reported [10]. In thi s way emission energies of 1 : 3 ñ m can easily be
achi eved, whi ch m akes GaAs1 À y N y very prom ising for techno logical appl icati ons.
D espite all theoreti cal and experim enta l inv estigati ons, the physi cal ori gin of the
stro ng band gap reducti on observed in the al loy l im it is sti l l argum ent of debate,
as well as the exact assignm ent of the narro w, strong PL l ines observed at low N
concentra ti on [8].

R ecently, we have shown tha t hydro gen i rra diati on of (InG a)(AsN) / (GaAs)
quantum wells (QW s) wi th y causes a blue shi ft of the band gap PL,
who se l ine wi dth broadens and who se energy satura tes at tha t of a ni tro gen-free
sam ple wi th the same In concentra ti on [11]. We have also shown tha t therm al
anneal ing restores the opti cal pro perti es whi ch the m ateri al exhi bi ted before hy-
dro genati on [12]. In the present work, we study the e˜ect of H irra di ati on in
GaAs N / GaAs epilayers and QW s wi th very di ˜erent N content. W e show
tha t H ful ly passivates N- related l ines in the di luted N l imit, thus pro vi di ng di -
rect evi dence of N{ H intera cti on. Mo reover, we conÙrm tha t thi s intera cti on can
account for the H-induced band gap bl ue shift observed in the \ al loy" l imi t.

A num ber of GaAs N / GaAs hetero structur es grown by sol id source m olec-
ul ar beam epi ta xy (M BE) have been inv estigated. N cracking was obta ined by
usi ng a radi o frequency plasma source. The N concentra ti on has been determ ined
by a com bined analysis of X- ray di ˜ra cti on and opti cal data . Ni tro gen concen-
tra ti on of GaAs N epilayers (0.1 m thi ck) ranges from to a very
di luted N concentra ti on ( ), and to 0.03. A set of 9 nm thi ck
GaAs N / GaAs QW s have been also grown wi th ni tro gen concentra ti on varyi ng
from 0.013 to 0.028. Post-growth trea tm ent wi th ato m ic hydro gen was obta ined
by ion-beam irra diati on from a Kauf m an source wi th the sampl es held at C.
The ion energy was about 100 eV and the current density was few tens of A/ cm .
A wi de range of hydro gen doses( ions/ cm ) has been used in thi s study .
PL was exci ted by the 515 nm l ine of an Ar laser. The PL signal was di spersed
by a single 1 m monochro mato r and detected by a Ge detecto r cooled at l iqui d
ni tro gen temperature.

PL spectra at tem perature K of two GaAs N epi layers wi th low
ni tro gen content are shown in Fi g. 1. For , the free exci ton (FE) and carb on
bound (C, X) exci to n are clearl y observed, as wel l as the f ree-to -bound tra nsi ti on
(e,C) wi th i ts phonon repl icas. For , a large numb er of sharp l ines on
the to p of a bro ad background grows up in the energy range between 1.36 and
1.48 eV. The dependence of the PL bands on power density ( ) (no t shown here)
shows tha t the intensi ty of these N- related l ines scales nearl y l inear wi th tha t of
the (e,C) tra nsiti on. For increasing , a rapid quenchi ng of the PL intensi ty is
observed between 10 and 70 K, whi ch suggests a therm al acti vati on energy for
carri er bound to these states of the order of some tens of m eV.
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Fig. 1. PL spectrum of a GaA s1 À y N y epilayer (solid line) in the dilute limit of N con-

centration (y ¤ 0 :001 ). PL of a GaA s epilayer (dashed line) is also show n for comparison.

Fig. 2. N ormalized PL spectra at T = 10 K of di˜erent GaA s1 À y N y epilayers in the

alloy limit ( y = 0À 0.03). N ormalization factors are given for each spectrum. Laser p ower

density P = 50 W/cm 2 .

PL spectra of four di ˜erent GaAs1 À y N y epilayers wi th y varyi ng from 0.007
to 0.03 are shown in Fi g. 2, where no sharp features are seen. For increasing
N content, the PL band correspondi ng to the materi al band gap shifts to lower
energies. Its l ine shape at low and low is highl y asymm etri c, wi th a low
energy ta i l due to local ized states [13]. Thi s behavi or has been attri buted to a
repul sive intera cti on of the GaAs band gap wi th an N- related level resonant wi th
the conducti on band [14]. It has also been attri buted to a stro ng m ixi ng of levels
wi th di ˜erent values pro duced by the tra nslati onal sym metry breaki ng of the
latti ce induced by N intro ducti on [15].

The e˜ect of hydro gen i rradi ati on and therm al anneal ing is shown in Fi g. 3
for the sam ple. In Fi g. 3a, hydro genati on at vari ous H doses, , leads
to a progressive and compl ete passivati on of N- related l ines, as well as of the
background. We stress tha t a very weak reducti on of the intensi ty of N l ines
has been reported before onl y in the case of N- doped GaP [3]. The passivati on
rate as a functi on of vari es from l ine to line. In Fi g. 3a, we have labelled
four representati ve l ines, , and , whi ch exhi bi t a di ˜erent behavi or
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Fig. 3. (a) PL spectra at T = 10 K of GaA s0 : 999 N 0 : 001 epilayer after hydrogen irra-

diation for di˜erent H doses d H (H 0 = 10 1 4 ions/cm 2 ). (b) PL spectra at T = 10 K

of the hydrogenated sample (d H = 1016 ions =cm 2 ) for di˜erent thermal annealing time

t a (annealin g temp erature T a = 330 £ C). In b oth parts of the Ùgure four representative

lines are lab elled w ith letters, laser p ower density P = 10 W/cm 2 .

under H i rra diati on. As an exam ple, l ine B quenches at higher rate tha n l ine
does. Therm al anneal ing of the hydro genated sam ple have been perf orm ed at Ùxed
anneal ing tem peratures ( 300, 330, or C) as a functi on of the anneal ing
ti m e . Fi gure 3b shows the PL spectra as a functi on of for the sam e sampl e
shown in Fi g. 3a hydro genated at 10 ions cm and annealed at 330 C.
Mo st of the N l ines pro gressivel y appear back in the spectrum for increasing ,
wi th a rate varyi ng f rom l ine to l ine; see,e.g., l ines and . These e˜ects can be
accounted for by the form ati on of one (or m ore) H{ N bond, whi ch is due to the
large electro negati vi ty di ˜erence between N and i ts ato mic neighb ors. Mo reover,
the behavi or of N l ines wi th H dose and annealing ti me suggests tha t N{ H bonds
wi th di ˜erent streng ths are f orm ed. In order to estim ate the dissociati on energy
of the N{ H bonds, we need to determ ine the fracti on, , of N{ H bonds left
after each anneal ing. In the model intro duced in Ref. [16],

exp exp (1)

where is the attem pt frequency [17], is the di ssociati on energy of the N{ H
bond and is the Bol tzm ann constant. In our case, is estim ated by
the rati o between the PL intensi ty of each l ine to i ts satura ti on value
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Fig. 4. Ratio betw een the PL intensity I ( t a ) of four representative lines to its saturation

value I sa t as a function of the annealing time t a (annealin g temp erature T a = 330 £ C ).

Estimates of disso ciation energies E A have been obtained Ùtting data with formula (1);

see the text. Fits for line A and B are show n in dashed lines.

shown in Fi g. 4Ê . We Ùnd f our distinct values of E a , one for each of the four
l ines considered. A correl ati on is found between and the quenchi ng rate wi th
H i rradi ati on shown in Fi g. 3. Li ne is passivated m ore slowl y by H, whi le i ts
intensi ty satura tes already at 1 h ( has the lowest values am ong the four
l ines). On the contra ry , l ine is m ore easily passivated and does not recover
i ts intensi ty either by therm al annealing at 400 C and/ or by very long
anneal ing ti m es. Thi s im pl ies a stro ng N{ H bond, as conÙrmed by a dissociati on
energy greater tha n 2.8 eV. Fi nal ly, values for l ine (the most intense one) and

are 2.15 and 2.25 eV, respecti vely. H i rra diati on and therm al anneal ing permi t,
theref ore, to classify N-related opti cal tra nsiti ons on the ground of thei r N{ H bond
streng th, whi ch may depend on the typ e and the sym m etry of N com plex (i .e.,
isolated N, NN pai r or N cl uster).

The smooth background observed in the sam ple has a PL l ine
shape whi ch resembl es the Urba ch ta i l in disordered semiconducto rs. Its behavi or
wi th H irra di ati on and therm al anneal ing suggests tha t i t is also related to N
incorp orati on.

W e now bri eÛy discuss the e˜ect of H in the l imit of high N content. Fi g-
ure 5 shows PL spectra of GaAs N QW s wi th . The band gap blue
shi fts wi th increasing , appro achi ng the value i t has in GaAs, and no sizable
bro adening of the PL l ine shape is observed. Therm al anneal ing at 300 C
breaks N{ H bonds and, for increasing , the band gap recovers the v alue i t had
before hydro genati on. Theref ore, thi s behavi or is sim i lar to tha t observed in the

Ê
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Fig. 5. N ormalized PL spectra at T = 10 K of a GaA s0 : 9 8 N 0 : 02 /GaA s QW for (a) di˜er-

ent dH and for (b) subsequent di˜erent anneali ng times t a (T a = 300 £ C ). N ormalizatio n

factors are given for each spectrum. Laser p ower density P = 50 W/cm 2 .

di lute l im it, thus suggesting tha t N associated wave functi on m aintai ns a strongly
local ized \ im puri t y-l ik e" character even in the al loy l imit.

In concl usion, a ll resul ts presented here can be accounted for by the form ati on
of an N{ H bond, wi th a point group symm etry for the resul ti ng com plex di ˜erent
from tha t of the origina l N state. Thi s lowers the e˜ecti ve numb er of electri cal
acti ve N centers in the materi al and causes a ful l passivati on of recom binati on
l ines of exci to n bound to N- related com plexes in the di lute l imit. Sim i larl y, in
the alloy lim it, H pro duces a reducti on of the band gap red shift related to N
incorp orati on.
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