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Effect of hydrogen on the electronic properties of IRGa; _,As;_,N,/GaAs quantum wells
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Atomic hydrogen irradiation leads to striking effects on the electronic properties of
In,Ga _,As; yN,/GaAs single quantum wells as measured by photoluminescence spectroscopy. The
In,Ga _,As, _yN, band-gap energy blueshifts with increasing hydrogen dose and finally saturates at the value
of a corresponding reference sample without nitrogen. The luminescence intensity decreases upon hydrogen
irradiation with a strong dependence on nitrogen content. The above results have been found in a large set of
samples differing for nitrogen and indium content, and are related to the formation of bonds between hydrogen
and one or more nitrogen atoms.
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Since the proposal of the J6a _,As; (N,/GaAs sys- tematically in a large set of samples differing for indium
tem as a material for long-wavelength emittéts., \=1.3  and/or nitrogen concentrations. Therefore, hydrogen strongly
and 1.55um) (Refs. 1 and 21II-N-V based heterostruc- interacts with the localized electronic charge associated with
tures have attracted renewed interest for both potential applRitrogen in I1-N-V alloys and gives rise to effects not ob-
cations and fundamental research. A large band-gap redus€rved previously in other semiconductor compounds and
tion (see, e.g., Refs. 14@nd an increase of the electron alloys.

effective masSupon substitution of arsenic with a few per- A number of InGa_,As;_\Ny/GaAs single QW's

. . rown by solid source molecular beam epit E) have
cent of nitrogen have been reported. Although there is not %een invéstigated.g\bracking was obtaineg b@kﬁiin)g a radio

general consensus on the theoretical model that best d equency plasma source. Indiufnitrogen) concentrations

sc_ribes these obserygtio_ns, the above effects are usually 38 the samples arex=0.32 (y=0.027, x=0.34 (y=0.007,
cribed to the maodification of the7 e5r1ergy levels of thex=0.38(y=0.o42, 0.052 x=0.41(y=0.022, 0.03L The N
conduction-band edge induced by N® The puzzling ef-  concentration has been determined by a combined analysis
fects exerted by nitrogen on tHnGa)As host lattice ought  of .ray diffraction and optical data. For each subset of quan-
to be related to the large difference in size and electronegaym wells having the same indium content and well width,
tivity between Ggor In) and N atoms, which gives rise to an pyt differing for the nitrogen concentration, a reference
imbalance of the electronic charge distribution toward N. Insample without nitrogertblank) has been grownlL ranges
GaN, a monotonic increase in the electronic charge densitifom 6.0 nm to 8.2 nm. All samples have a 100 nm thick
on going from Ga to N has been predicted to lead to equiGaAs capping layer. Postgrowth treatment with atomic hy-
librium positions of hydrogen in the lattice markedly differ- drogen was obtained by ion-beam irradiation from a Kauf-
ent from those found in Si and GaA%Experimentally, the man source with the samples held at 300 °C. The ion energy
existence of N—H bonds has been suggested by far infrareatas about 100 eV and the current density was few tens of
spectroscopy in GaN:H. In spite of the number of works on uAlcm?. Several hydrogen dosesl (=1, 5, 50, 270, and
hydrogen in GaN® nothing is known about hydrogen in 690x 10'® ions/cnf) have been used in this study. PL was
(InGa)(AsN). Therein, H could act as a probe affecting the excited by the 515 nm line of an Arlaser, dispersed by a
nature of bonds between N and its atomic neighbors in theingle 1 m monochromator and detected by a cooled Ge
lattice, thus providing important hints on the role played bydetector.
nitrogen on the electronic properties of tll@GaAs host PL spectra of two QW'’s having=0.34 andL=7.0 nm
material. without (dashed linesand with nitrogeny=0.007, continu-
Here, we report on the effect of atomic hydrogen irradia-ous lines are shown in Fig. 1 for different hydrogen doses
tion on the electronic properties of J@a _,As; _yN,/GaAs  (dy increases from bottom to tppData are taken af=150
single quantum well§QW'’s), as investigated by photolumi- K in order to avoid PL band broadening and carrier localiza-
nescencePL) spectroscopy. The effective band gap of thetion at room and low temperatuf@<100 K), respectively:®
QW blueshifts upon hydrogen irradiation. By increasing hy-The presence of a small amount of nitrogen markedly affects
drogen dose, it saturates at, or close to, the energy gap oftae dependence on hydrogen irradiation of the QW optical
corresponding N-free reference sample. This surprising beproperties. In the kGa, _,As; (N, quantum well, the PL
havior is attributed to the formation of bonds between hydropeak energy, hvp, increases steadily up taly=5.0
gen and a single nitrogen atom. On the other hand, comx 10'7 ions/cn? and then it saturates at the value of the
plexes of H with N clusters lead to a quenching of the PLblank band gap. PL intensity slightly increases at srdall
emission efficiency. These effects have been observed sythen strongly decreases at high H doses. PL linewidth sizably
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FIG. 1. Peak normalized photoluminescence spectra of N-free
(dashed linesand N-containindy=0.007 quantum wellgcontinu-
ous lines irradiated with different H doses (Hy,=1.0
X 10 jons/cnf). QW indium content and thickness axe=0.34
andL=7.0 nm, respectively. The spectra are takei-al50 K and
laser power densitP=15 W/cn?. Normalization factors are given
for each spectrum.

broadens upon hydrogenation indicating an increase of mi
croscopic disorder. Similar effects are observed in all N con:
taining samples. On the contrary,
a slight fluctuation=5 me\) of the PL peak energy can be
noticed, most likely due to sample inhomogeneity. The PL

d, (10'® jons/cm®)

FIG. 2. PL peak energ\jvp, as a function of hydrogen dose
for samples having different nitrogen and indium concentrations
(full symbolg. Open symbols refer to reference QW’s without ni-
trogen. All data are taken dt=150 K.

order of magnitudé! This shows that the same physical

mechanism, regardless of nitrogen content, is responsible for

in the N-free-sample, onlﬁhe band.-gap increase induced by hydrogen. SBuﬁéRN
scales withdy/y, we attribute the band-gap reopening of

intensity increases steadily with, and then worsens only at
the highest H dose. This effect has been already reported in
Ref. 20 where it has been attributed to H passivation of de-
fects and nonradiative centers. We point out that a heat treat-
ment like that experienced during H irradiation, but in ab-
sence of H, has no effect on the sample PL efficiency,

linewidth, and peak energy.

Figure 2 shows the dependence dp of the PL peak
energy for samples having different indium and nitrogen
concentrationgfull symbolg. In the untreated samplesl(
=0), the emission energy of QW's with nitrogen decreases
with y, as commonly observed® With increasing hydrogen
dose, the PL recombination energy increases and tends to
saturate at a value equal, or close, to the energy of the cor-
responding N-free sampléopen symbols Note that the
saturation energy value is reached at lower hydrogen dose
the lower the nitrogen content. We now discuss in more de-
tail this striking effect produced by H irradiation in
N-containing samples. As a preliminary, we define two
qguantities. In the inset of Fig. 3, the blueshift of the
In,Ga ,As; N, band gap(By) induced by hydrogen and
the redshift of the band gapr(;) of the N-free QW due to N
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FIG. 3. Dependence on the ratdy/y of the percentage of
band-gap recoveBy /Ry, in In,Ga,_4As; ,N,/GaAs QW'’s. The
dashed line is a guide to the ey®, andRy are defined in the inset
of the figure for a typical QW structurg=0.32,L=6.0 nm. By is

incorporation are shown for a typical sample. The ratiothe blueshift of the photoluminescence peak energy induced by hy-

Bu/Ry gives the percentage of the N-induced band-gap r€grogen in N-containing QW's

duction that is recovered upon H irradiation so tBat/Ry

anBy is the redshift of the photo-
luminescence peak energy due to N incorporation in the N-free

=1 corresponds to full electronic passivation of nitrogen atyeference QW(N,0), (N,H), and (0,0) indicate the photolumines-

oms in the well. Figure 3 showBy/Ry as a function of

dyly, i.e., as a function of the hydrogen dose normalized tchydrogen,

the N content of the well. Data for almost all samples fall on

cence spectrum of a sample containing nitrogen0.027 but no
nitrogen (y=0.029 and hydrogen (dose 5.0
X 10 ions/cn®), and no nitrogen and no hydrogen, respectively.

a same curve although the N content varies by almost onall data are taken aT=150 K.
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In,Ga,_,As; Ny :H quantum wells to the interaction of a
single hydrogen atom with aingle nitrogen atom. On the
same ground, one can exclude that the band-gap recover in
In,Ga,_,AsyN;_, is due to H interacting with clusters
formed byn nitrogen atoms. In fact, the plot & /Ry vs
dy/y" is much more scattered for>1 than forn=1. This
implies that the band-gap reduction observed in(th&aAs

host lattice upon incorporation of N is caused by the inter-
action of the conduction-band edge states of the host matrix
with an energy level introduced bysingleN atom. Then we

107 | g

PL Integrated Intensity (arb. units)

conclude that the formation of N clusters, which clearly oc- 104 ® - 00s2 i
curs in (InGa)(AsN)***2%does not play a role in the large — " - — ,
redshift of (InGa)As band gap originating from N incorpora- 0 10 10 10 10
tion. d, (10" jons/em®)
It may be worth trying to account for the band-gap open-
ing induced by H in InGa, _,As; _ N, in the framework of FIG. 4. Photoluminescence integrated intensity vs hydrogen

H bonding to point defects in semiconductétsThe charge dose,dy, for sample; having.different nitrogen concentr.atign,
transfer from the group Il atoms toward the strong eIec-_EaCh _subset of data is normalized Fo_the v_alge of the PL integrated
tronegative N atoms favors the formation of H—N bonds in|ntenS|ty atdy=0. All samples exhibit a similar PL efficiency at
(InGa)(AsN):H. This is consistent with theoretical predic- zero hydrogen dose.
tions d a N antibonding equilibrium position for H in
GaN!®% One can speculate that the formation of H—N integrated intensity exhibits a more than quadratic depen-
bonds leads to the passivation of the N atoms indence on N concentration. This indicates that the nonradia-
(|nGa)(AsN), name]y, to a Strong energy shift of the N re- tive centers responSible for the quenChing of the PL Signal
lated level, most likely deep into the energy gap. On thedre due to hydrogen binding to two or more nitrogen atoms.
theoretical side, the interaction of energy levels dusingle ~ We point out that all QW’s shown in Fig. 4 have similar PL
N atoms with the conduction-band edge has been invoked téfficiencies before hydrogenation. This excludes that the dif-
account for the redshift induced by N in ferent dependences aly of the PL integrated intensity ob-
(InGa)(AsN).»13152Therefore, the formation of N—H bonds served in different QW's could be ascribed to a density of
increases the energy distance between the N level and tmnradiative recombination centers varying from sample to
conduction-band states, setting to zero their interaction angample. The PL quenching reported here is consistent with
increasing thé€InGa)(AsN) energy gap. recent transport measurements mtype (InGa(AsN)
Another peculiar effect of hydrogen irradiation regardssamples grown by gas source MBETherein, an increase of
the behavior of PL efficiency at different H doses. Figure 4carrier concentration upon thermal annealing has been ex-
shows the dependence of the PL integrated intensity on hyplained in terms of a corresponding decrease of the concen-
drogen dose in QW’s having nitrogéimdium) concentration tration of trapping centers due to residual hydrogen.
y=0.0(x=0.34) (open circleg 0.007(0.39 (full dots), 0.022 In conclusion, hydrogen irradiation markedly affects the
(0.41) (full squares, 0.031 (0.41) (full triangles, 0.052  electronic properties of WGa _,As;_,N,/GaAs quantum
(0.39 (full diamonds. As already shown in Fig. 1, the lumi- wells. (i) It restores the band-gap energy to the value it has in
nescence efficiency in the=0.34 blank monotonously in- the lattice without nitrogen(ii) It produces a sizable de-
creases with H dosenore than two orders of magnitude for crease of the PL efficiency. We attribute the former of these
dy=2.7x10' jons/cnf), until it decreases atd,=6.9 effects to the binding of H to a single N atofwith an
x 10'® ions/cnt, likely because of the damage due to the Hensuing electronic passivation ofjNand the latter of these
irradiation. Similar results have been obtained in the otheeffects to the formation of nonradiative recombination cen-
blanks. In the case of the four N containing samples, twaers for carriers caused by the interaction of H with N clus-
different regimes are noticed. At lody,, the rate of increase ters. As a final remark, we believe that the present results
in the PL integrated intensity with H dose observed in theshould be considere¢and eventually reproducgdy any
blank sample weakens for increasing N content and becomekeoretical model aimed to describe the role of N in I1I-N-V
negative at high N concentrations. The decrease of the Pheterostructures.
intensity with d,; observed in the blank fordy=2.7
X 10'® jons/cnt starts at lowerd,; values the higher the N The authors thank F. Martelli for helpful discussions and
content. In particular, at a fixed H dose the decrease of PIA. Miriametro for technical assistance.
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