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Th e e˜e ct s of ato mic hydro gen irradiati on on the optica l prop erties of
( InGa )( A sN ) single quantum w ells investigated by means of photolumi nes-
cence spectroscopy . For increasing hydrogen dose, the photolumi nescence

band peak energy of each nitrogen- containi ng sample blue- shif ts and for
high hydrogen dose it reaches that of a corresp ondi ng nitrogen- free ref erence
sample. This e˜ect is accompanied by a broadening of the photolumi nes-
cence band line w idth and by a decrease in the photolumi nescence e£ciency .

T hermal anneali ng at 55 0
£ C fully restores the original band gap value and

the photolumi nescence line w idth of the sample before hydrogenation. A n
interpretation of these phenomena is prop osed in terms of an H perturba-

tion of the charge distrib utio n around the strongly electronegative N atoms,
leading most likely to the formation of H {N comple xes, and to an ensuing
electronic passiv ation of nitrogen.

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

Am ong al l the atom s, hydro gen is kno wn to be the smal lest and one of the
m ost reacti ve. Mo reover, i t is highl y di ˜usi ve when intro duced in sol ids. These
features m ake H a useful to ol for passivati ng defects in semiconducto rs, such as
deep centers or dislocati ons, and justi fy the huge scienti Ùc interest in i ts e˜ects
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in Si, GaAs or GaN [1]. From thi s point of vi ew, i t is interesti ng to study the
ro le of hydro gen in I I I{ N{ V al loys such as InG aAsN, a materi al of relevance for
tel ecom muni cati ons vi a opti cal Ùbers [2]. The inserti on of a few ni tro gen percent
in (InG a)As leads to a giant, compositi on dependent band gap bowi ng [3] and
to an increa se in the electron e˜ecti ve m ass [4], whi ch have been ascribed to
the strongly local ized nature of the perturba ti on induced by ni tro gen in the host
latti ce and expl ained in term s of point sym metry- breaki ng argum ents [5, 6] or
band anti crossing between N- related levels and conducti on band states [7, 8].

In thi s paper, we show tha t H inserti on in (InG a)(AsN) quantum wells
(QW s), or its subsequent removal, al low a post-growth tuni ng of the opti cal prop-
erti es of the sam ples. In parti cul ar, for increasing H dose the band gap of the
N- conta ining quantum wells bl ueshifts to ward tha t of the corresp ondi ng N- free
ref erence sam ples (or bl anks), where i t satura tes at the highest H doses. Therm al
anneal ing at 5 5 0 £ C ful ly recovers the opti cal pro perti es the sam ples had before
hydro genati on. An interpreta ti on of these Ùndi ngs is here proposed in term s of the
form ati on of H{ N bonds, resulti ng in a decrease in the e˜ecti ve N content and a
subsequent band gap re-opening.

The investigated In x Ga1 À x As1 À y N y single QW s were grown by sol id source
m olecular beam epi ta xy. Indi um , x , and ni tro gen, y , concentra ti ons rangef rom 0.25
to 0.41 and from 0.007 to 0.052, respect ively, and well wi dth, L , from 6 to 8 nm .
Al l sam ples have a 100 nm thi ck GaAs cappi ng layer. Post-growth trea tm ent wi th
ato m ic hydro gen i rradi ati on at 3 0 0 £ C was suppl ied by a Kauf m an source, wi th an
ion energy of 100 eV, a current densi ty of few tens of ñ A/ cm2 and hydro gen doses,
d H , from 1 to 6 9 0 H 0 (H 0 = 1 : 0 È 1 0 1 6 ions cm À 2 ).

One-hour therm al anneal ing was perform ed at 1 0 À 6 Torr and various tem per-
atures between 2 2 0 £ C and 5 5 0 £ C. Photo lum inescence (PL), exci ted by the 515 nm
l ine of an Ar + laser, was dispersed by a single 1 m m onochro mato r and detecte d
by a Ge detecto r cooled at liqui d ni tro gen tem perature. Here we focus on the re-
sul ts obta ined in the QW wi th the highest N content (y = 0 : 0 5 2 ), x = 0 : 3 8 and
L = 8 nm and in i ts corresp ondi ng blank.

Fi gure 1 shows the PL spectra at 150 K of the N- conta ining sam pl e and of
i ts corresp ondi ng ref erence blank. For increasing H dose (f rom botto m to to p), the
PL peak of the y = 0 : 0 5 2 QW blueshifts to ward tha t of the bl ank (dashed l ine),
whi ch rem ains alm ost Ùxed in energy. At the hi ghest H dose, the peak energy
of the hydro genated sampl e overl aps tha t of the N- free QW . Hydro gen i rradi a-
ti on also leads to an increased m icroscopi c disorder, as wi tnessed by the bro ad-
ening of the PL band l ine wi dth. Fi na l ly, PL intensi ty steadi ly decreases in the
y = 0 : 0 5 2 QW , and increasesby a f actor of 5 in the blank for d H = H 0 , before drop-
pi ng at the highest d H (not shown here). The e˜ects of hydro gen i rra diati on can be
reversed by therm al annealing. Fi gure 2 shows the PL spectra of the N- conta ini ng
QW (hydro genated at d H = 1 0 0 H 0 ) f or di ˜erent annealing tem peratures, Ta . For
increasing T a (f rom botto m to to p), the PL band of the y = 0 :0 5 2 QW m oves
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Fig. 1. N ormali zed photolumi nescence spectra at T = 150 K of tw o

I n0 : 3 8 Ga0 : 6 2 A s1 À y N y /GaA s QWs w ith = 0 05 2 (continuous line) and = 0 0 (dashed

line), hydrogenated at di˜erent H doses ( = 1 0 10 ions/cm ). N ormalizatio n

factors are given for each spectrum. Laser p ower density = 300 W/cm .

to ward lower energy, unti l i ts l ine shape nearl y coincides wi th tha t of the H- free,
not annealed sam ple. These resul ts are summ arized in Fi g. 3, where the hal f-wi dth
at half m axi mum , HW HM, of the PL band of the In Ga As N QW
is reported versus i ts PL peak energy, , for H dosesincreasing from 0 to
(f ul l squares, upw ard arro w) and for anneal ing tem peratures increasing from 200
to C in the sam ple wi th (open circl es, downw ard arro w). HW HM
has been evaluated from the low energy side in order to avoid spuri ous contri bu-
ti ons to the PL l ine wi dth due to band Ùll ing e˜ects .

Thi s behavi or establ ishes qui te a reversibl e cycl e, showi ng hydro gen to be
a useful to ol for ta ilori ng the opti cal pro perti es of (InG a)(AsN) QW s. W e now
di scuss in som e deta i l the possibl e m icro scopic ori gin of thi s behavi or. W hen in-
tro duced in a sol id, the charge state of hydro gen is determ ined by the Ferm i level
of the host latti ce and hydro gen behaves as an am photeri c impuri t y. Our sampl es
are uni ntenti onal ly -doped due to residual C in the M BE chamb er, so tha t hydro -
gen enters in the latti ce in a positi vel y charged state, H . On the other hand, due
to i ts stro ng electronegati vi ty wi th respect to Ga and As ato ms, ni tro gen leads to
an accum ulati on of negati ve charge in i ts surro undi ngs. Thi s condi ti on favors the
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Fig. 2. Normalized photolumi nescence spectra at T = 150 K of a d H = 100 H 0

I n0 : 38 Ga0 : 62 A s N /GaA s QW (continuous line) for di˜erent anneali ng temp era-

tures, . T he photolumi nescence spectrum of the H -free, not annealed QW is rep orted

for comparison dotted line). N ormalizati on factors are given for each spectrum. Laser

p ower density = 900 W/cm .

form ati on of H N bonds, in agreement wi th theoreti cal proposals and experi -
m enta l suggestions in -typ e GaN [9]. The resul ti ng \ molecul ar orbi tal " between
H and N m ay lead to a bondi ng level deep in the gap, wi th a subsequent N
passivati on and a decrease in the e˜ecti ve N content. Therm al anneal ing breaks
thi s bond, increasing back the N content in the wel l . W e stress tha t no change in
the PL peak energy of the blank and of a H- free was observed upon
anneal ing.

Hydro gen a˜ects also PL band intensi ty and l ine shape. The behavi or of
the PL intensi ty of the QW in Fi g. 1 can be interpreted in term s of
two com peti ng pro cesses: the passivati on of preexi sting defects (as i t happens in
the blank) and the intro ducti on of new nonra diati ve centers upon hydro genati on.
Fi nal ly, the quenchi ng of the PL e£ ciency at high hydro gen doses, or the absence
of a com plete recover of the PL intensi ty at high anneal ing tem perature, can be
ascribed to bom bardm ent dam age and As desorpti on, respectivel y.

As f ar as the PL l ine shape is concerned, the HW HM of the hydro genated
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Fig. 3. H alf -w idth at half maximum, of the photolumin escence band in

I n0 : 38 Ga0 : 62 A s0 : 9 48 N 0 : 0 52 /GaA s QW versus the PL band peak energy, . Data are

taken from K photolumi nescence spectra. Full squares ref er to a Q W hy-

drogenated at increasin g (upw ard arrow ) H doses, , open circles ref er to a QW hy-

drogenated at ions cm ) and annealed at increasing (dow nward

arrow ) temp eratures, .

In Ga As N QW s increases wi th , because m ore hydro gen (i rra diated
or residual ) leads to a higher N passivati on, but also to an increased m icroscopic
di sorder due to local Ûuctuati ons of the e˜ecti ve N concentra ti on in the well and/ or
to di ˜erent typ es of N{ H bonds.

In concl usion, hydro gen demonstra tes to be a powerful to ol for inv estigati ng
the electroni c properti esof N in (InG a)(AsN) QW s. Present results show a strongly
local ised intera cti on between N and H. In turn, thi s intera cti on leads to an e˜ecti ve
lowering of the N content and to a band gap blue-shi ft of the (InG a)(AsN) m ateri a l.
Thi s suggests an \ im puri ty- li ke" character of N in (InG a)(AsN) even in the \ al loy"
l im it.
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