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Photoluminescence and optically detected magnetic resonance techniques are utilized to study

defect properties of GaNP and GaNAs alloys subjected to post-growth hydrogenation by low-energy

sub-threshold ion beam irradiation. It is found that in GaNP H incorporation leads to activation of

new defects, which has a Ga interstitial (Gai) atom at its core and may also involve a H atom as a

partner. The observed activation critically depends on the presence of N in the alloy, as it does not

occur in GaP with a low level of N doping. In sharp contrast, in GaNAs hydrogen is found to

efficiently passivate Gai-related defects present in the as-grown material. A possible mechanism

responsible for the observed difference in the H behavior in GaNP and GaNAs is discussed. VC 2012
American Institute of Physics. [doi:10.1063/1.3676576]

I. INTRODUCTION

Hydrogen is one of the most common impurities in semi-

conductors. It is abundant in many steps of semiconductor

growth and device processing. Due to its high chemical reac-

tivity, hydrogen is known to efficiently interact with nearly all

types of imperfections and impurities present in semiconduc-

tors, which most often leads to their passivation.1,2 Well

known examples of impurities/defects that can be efficiently

passivated by hydrogen include B acceptors3,4 and P donors5

in Si, the V-O centers in Si and SiGe/Si heterostructures,6,7 Be

acceptors in AlGaAs/GaAs quantum wells (QW),8 as well as

silicon dangling bonds (Pb defect) at a Si/SiO2 interface.9 In

fact, the passivation of the Pb defects is absolutely essential

for reliable operation of metal-oxide-semiconductor field-

effect-transistors, the heart of integrated circuit technology. In

some rare cases, H was also found to activate defects and

impurities such as Ga vacancy in GaAs (Ref. 10) and neutral

dopants, such as Si and C in ultrapure Ge.11

Hydrogen is also known to greatly affect properties of

dilute nitrides, such as Ga(In)NAs and GaNP alloys, which

are novel materials promising for a variety of applications

in, e.g., laser diodes for fiber-optic communications, highly

efficient visible light emitting diodes, multi-junction solar

cells, as well as in III-V optoelectronic integrated circuits on

Si wafers.12 Most unexpectedly in these materials, incorpora-

tion of H was found to cause dramatic changes in the funda-

mental band structure by effectively neutralizing all alloy

properties caused by the presence of nitrogen and recovering

the band-gap energy, electron effective mass and other

parameters of the N-free hosts.13–18 Though this unusual H

behavior has attracted a great deal of attention, studies

devoted to effects of hydrogenation on grown-in defects in

dilute nitrides remain scarce. This is in spite of the fact that

defect formation leading to efficient non-radiative recombi-

nation (NRR) is known to be very severe in dilute nitrides19

and in fact presents one of the key obstacles for widespread

applications of these materials. For example, Wang et al.
have recently shown20 that up to 88% of recombination in

Ga(In)NAs alloys suffers non-radiative losses via NRR and

have identified a complex involving a Ga interstitial (Gai) as

the responsible defect. Moreover, growth processes utilized

for fabrication of dilute nitrides, such as gas-source molecu-

lar beam epitaxy (GS-MBE) or metalorganic chemical-vapor

deposition (MOCVD), usually involve hydrogen.21,22 Since

H is a common contaminant in dilute nitrides and may affect

defect formation,23 a better understanding and control of the

grown-in defects and of their interaction with hydrogen in

dilute nitrides is highly desirable. Most recently, we have

addressed24 this issue by investigating the effects that low

energy sub-threshold H-treatment has on defect properties of

GaNP alloys with a relatively low N content of 0.6%–0.8%.

An unexpected activation of several defects with a Gai

atom at the core has been found, which provides an explana-

tion for the puzzling observation of deterioration of

material quality after hydrogenation. Since neither of these

Gai-related defects has previously been detected in GaNP, they

were tentatively suggested to involve H atoms. In this work

we extend these studies to GaNP alloys with different N

contents and concentrations of grown-in defects present before

the H treatment and also to GaNAs alloys, aiming to reveala)Electronic mail: irb@ifm.liu.se.
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common trends in defect formation. Photoluminescence

(PL) and optically detected magnetic resonance techniques

(ODMR) will be employed for these purposes.

II. SAMPLES AND METHODS

Two sets of GaNP/GaP and GaNAs/GaAs structures

grown by gas-source molecular beam epitaxy were chosen for

this study. Each set contains three structures with distinctly

different N compositions and, therefore, different concentra-

tions/types of grown-in defects active in recombination prior

to the H treatment. The most important growth parameters of

the structures are summarized in Table I. Post-growth hydro-

genation was performed by ion-beam irradiation from a Kauf-

mann source at 300 �C, using low ion energy (100 eV) and

current density of �10 lA/cm2. Samples were hydrogenated

with the same dose of [H]¼ 1� 1018 cm�2 except for the

GaNAs/GaAs multiple quantum well (MQW) structure that

was hydrogenated with a H dose of 4.5� 1018 cm�2.

Secondary ion mass spectrometry (SIMS) was used to

confirm H incorporation and to determine distributions of

H and N within several representative structures. Ion-implanted

standards were used for calibration of the H and N concentra-

tions to an accuracy of 6 20%. Results of SIMS measurements

for the investigated GaNP/GaP and GaNAs/GaAs structures are

summarized in Figs. 1 and 2, respectively. Depth profiles of

N distributions from the as-grown samples confirm the intended

sample structures during the growth. For example, uniform

distributions of N were found in GaNP (Fig. 1) and GaNAs

(Fig. 2(a)) epilayers, whereas the N profile for the GaNAs

MQW structure (Fig. 2(b)) clearly shows the formation of

7 periods of GaNAs QWs separated by GaAs barriers. One also

notices that the GaNAs epilayer (MQW structure) is capped by

a 200 -Å-thick (500 -Å-thick) GaAs layer. The background

H concentration in the structures is around �1� 1018 cm�3

close to the buffer layer and gradually increases toward the sur-

face, which is not surprising as H is abundantly present during

the GS-MBE growth. All N profiles remain identical in the

hydrogenated samples proving that no out-diffusion of nitrogen

occurred during the H treatment. On the other hand, the H

distributions dramatically change after the hydrogenation and

become fully correlated with the N profiles which is in excel-

lent agreement with our previous results for GaNAs and GaNP

alloys hydrogenated using H plasma.25 Such correlated distribu-

tions of H with a certain element/impurity is typical when

H passivates this impurity26 and, therefore, implies strong

bonding of H to N atoms in our case.25,27,28

PL and ODMR measurements were performed at 5 K

using as an excitation source the 532 nm (820 – 880 nm) line

of a solid state (Ti:Sapphire) laser in the case of GaNP

(GaNAs). PL signals were dispersed by a 0.8 m double

grating monochromator. A liquid nitrogen cooled Ge detec-

tor was used for detection in the near infrared (NIR) spectral

range whereas visible PL was detected by a Si photodiode.

ODMR signals were measured at X-band (9.214 GHz) as

spin-resonance induced changes of the PL intensity and were

detected by the lock-in technique in phase with an amplitude

modulated microwave field at a frequency of 3333 Hz.

III. RESULTS AND DISCUSSION

A. GaNP alloys

Figure 3 summarizes the effects of post-growth hydro-

genation on ODMR spectra of GaNP alloys with different

N compositions. These spectra were monitored by measuring

TABLE I. List of the GaNP and GaNAs samples studied in this work, with

the main growth parameters and hydrogen dose in the post-growth hydro-

genation. The numbers 5 and 20 in the parentheses refer to the thicknesses

of the GaNAs and GaAs layers in the MQW structure.

GaNP/GaP GaNAs/GaAs

Sample No. #2666 #2671 #L012 #2661 #2468 #2522

Growth T (�C) 520 520 590 420 420 420

[N] (%) 0.05 0.80 1.4 0.7 1.3 1.6

Structure Epi epi epi Epi epi MQW

Thickness (nm) 250 250 100 100 110 7� (5/20)

[H] (1018 cm�2) 1 1 1 1 1 4.5

FIG. 1. (Color online) Representative SIMS profiles of N and H in the

GaN0.008P0.992 epilayer before and after H treatment.

FIG. 2. (Color online) Representative SIMS profiles of N and H in the

GaN0.013As0.987 epilayer (a) and GaN0.016As0.984/GaAs MQW (b) before and

after H treatment.
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near-band-edge PL emissions due to radiative recombination

at N-related localized states29 as shown in Fig. 4. A redshift

of these emissions observed with increasing N content

reflects a reduction of the bandgap energy of the alloys due

to the bowing in the bandgap energy. On the other hand, a

blueshift occurs after hydrogenation, which is due to a partial

H-induced recovery of the energy bandgap and can be

viewed as a decrease in the effective N concentration. All

these effects of H on the PL properties in GaNP are well

documented in the literature12 and, therefore, will not be fur-

ther discussed here. According to results shown in Fig. 3,

post growth hydrogenation causes a dramatic increase in the

intensity of the ODMR spectra in all investigated structures

due to an appearance of new signals. Except for the ODMR

line labeled as L3 in Fig. 3(b), all recorded ODMR signals

are negative, i.e., they correspond to a decrease in the inten-

sity of the monitored near-band-edge PL under the spin reso-

nance conditions. This means that the spin-resonance

enhanced recombination via the corresponding defects leads

to a decrease in the PL intensity, i.e., that the defects act as

competing recombination centers and degrade the optical

quality of the alloy.30

The observed changes in the ODMR spectra provide an

unambiguous proof that the post growth hydrogenation has a

strong effect on the defect properties of the alloy. Before

analyzing these effects, however, we would like to provide a

brief overview of the detected ODMR signals which can be

attributed to several different paramagnetic centers. They are

labeled as Gai-B, Gai-C, L1-L3 in Fig. 3. The first two sig-

nals contain a rich pattern of lines spreading over a wide

field range, with the most prominent peaks in the region of

0.4 – 0.6 T. On the other hand, the L1-L3 ODMR signals are

merely single Lorentzian lines peaking at around 0.33 T,

each with a different linewidth. Spin Hamiltonian parameters

of the related defects were obtained by analyzing the meas-

ured signals with the aid of a spin Hamiltonian that includes

an electron Zeeman and central hyperfine interaction terms,

H ¼ lBB � g � Sþ S � A � I: (1)

Here, lB is the Bohr magnetron, B is the magnetic field, g is

the electronic g-tensor, and A is the central hyperfine tensor

for each isotope. Since all observed ODMR signals are iso-

tropic, g and A tensors are reduced to scalars g and A. The

electronic and nuclear spin of the studied defects are denoted

by S and I, respectively. It was found that the single lines

L1 – L3 originate from paramagnetic centers with an effec-

tive electron spin S¼ 1/2 and a g-factor close to 2. Unfortu-

nately, no chemical identification of the corresponding

defects is possible from the current study, due to a lack of

the resolved hyperfine structure. These defects, therefore,

will not be further discussed in the paper. The signals Gai-B

FIG. 3. (Color online) ODMR spectra from GaNP epilayers detected at 5 K

by monitoring the PL emission within the visible (550-810 nm) spectral

range. The ODMR signals are isotropic and are normalized to the PL inten-

sity. Simulated ODMR signals are displayed in (a) whereas the experimen-

tally measured spectra are shown in (b)-(d) for the specified N compositions.

The simulated ODMR spectra are also shown in (b)-(d) by the thin black

lines. The spin Hamiltonian parameters used in the simulated spectra are

given in Table II.

FIG. 4. (Color online) Typical PL spectra measured at 5 K from the GaNP

epilayers with the N compositions of (a) 0.05%, (b) 0.81%, and (c) 1.4%,

before and after hydrogenation.

023501-3 Dagnelund et al. J. Appl. Phys. 111, 023501 (2012)

Downloaded 04 Apr 2012 to 130.236.83.30. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



and Gai-C, on the other hand, exhibit a well-resolved hyper-

fine structure arising from the interaction between the

electron spin S¼ 1/2 and the nuclear spin I¼ 3/2 of an inter-

stitial Gai atom in the core of the defect.31,32 Spin Hamilto-

nian parameters of all detected paramagnetic centers are

given in Table II, whereas the corresponding simulated

ODMR spectra are shown in Fig. 3(a). For all samples, the

results of the simulations (shown by the black thin lines in

Figs. 3(b)–3(d)), including contributions from the specified

centers, are also overlaid with the experimentally measured

ODMR spectra. The agreement between the simulations and

experimental results is rather satisfactory,33 thus justifying

the assignments of the defects and reliability of the obtained

fitting parameters. As all defects observed in this study pos-

sess a unique set of the spin Hamiltonian parameters, the

ODMR technique can be employed to individually monitor

formation of these defects as a function of N and H content,

as it will be shown in the following.

Let us now discuss how incorporation of H affects

paramagnetic defects in the GaNP alloys. The most

pronounced effect, which is common for all GaNP alloys, is

the hydrogen-induced activation/creation of the Gai–C

defect. This effect is most apparent in the alloys where no

Gai–defects were detectable prior to the hydrogenation (e.g.,

with [N]¼ 0.81% - see Fig. 3(c)), as has been reported in our

earlier study.24 It also occurs in the alloys with a higher

N content (e.g., [N]¼ 1.4%) where the Gai defects were al-

ready formed in the as-grown material but in a different con-

figuration, i.e., Gai–B, see Fig. 3(d). Such defect activation

by hydrogen is rather unusual and has only been reported in

a handful of cases. We have previously argued that this acti-

vation cannot be attributed to defect creation caused by

barely kick-out of a Ga atom by an H ion from a substitu-

tional to interstitial site, as the energy that can be transferred

from a 100 eV H ion to a Ga atom in a direct collision is only

5.6 eV, i.e., below the threshold displacement energy of

about 8.8 eV for Ga atoms.34 Our present results further sup-

port this conclusion. Indeed, even though the same kick-out

process is also expected to occur in GaNP independent of N

composition, the Gai-C defects were not formed after hydro-

genation in GaNP with a low N content as can be seen from

Fig. 3(b). Therefore, the emergence of these defects must be

due to their activation by hydrogen that could be accom-

plished via several mechanisms. First of all, it could be due

to a hydrogen-induced change in the Fermi level position,

which favors the paramagnetic charge state of Gai-C, i.e.,

detectable via spin resonance. However, this explanation

seems to be somewhat less likely as we have so far never

observed the Gai-C defect in GaNP alloys that were not irra-

diated by H atoms. This is in spite of the fact that the studied

samples span over a wide range in N compositions, doping

and also residual contamination. The second and more prob-

able mechanism is formation of complexes between H atoms

supplied by the hydrogenation and a Gai atom that was al-

ready present in an ODMR-inactive state in the as-grown

sample. This might result either in a change in the position

of the defect energy level or in its charge state toward the

spin-active one, thereby activating the defects in carrier

recombination monitored by ODMR. We can also conclude

that the initial presence of Gai should become energetically

favorable only in materials containing a large amount of N,

as it does not occur in GaP: N with the low N composition of

[N]¼ 0.05%, i.e., within the doping limit. However, the

question whether the N atom is directly involved as a partner

of the complex or barely promotes the formation of Gai can-

not be answered based on the currently available data,

unfortunately, due to a lack of the resolved hyperfine struc-

ture related to N.

We would like to note that H incorporation also causes a

slight reduction of the ODMR signal from the Gai–B defect

(see Fig. 3(d)). The observed minor effect in hydrogen passi-

vation of defects that are active in recombination in the

as-grown material is, however, somewhat surprising in view

of the commonly known ability of H to passivate various

deep centers in semiconductors.

B. GaNAs alloys

In order to evaluate to which extent the aforementioned

H-induced effects on defect properties are common for dilute

nitrides, ODMR studies were extended to GaNAs alloys. To

facilitate a direct comparison of results for both material

systems, GaNAs epilayers were selected with similar N com-

positions as that in the case of GaNP.

The results of the performed ODMR measurements are

summarized in Fig. 5, whereas Fig. 6 presents typical spectra

of PL emissions used for detection of the ODMR signals.

The near-band edge emission in GaNAs is due to recombina-

tion of excitons trapped by potential fluctuations of conduc-

tion band edge,35 whereas a broad PL band in the NIR

spectral range is related to defects of unknown origin. Simi-

lar to the GaNP alloys, H incorporation leads to a blue shift

TABLE II. Spin Hamiltonian parameters and linewidth obtained from the best fit to the experimental ODMR results. The ratio A(71Ga)/A(69Ga) was chosen

as 1.27–1.3, i.e., close to that of their nuclear magnetic moments l(71Ga)/l(69Ga)¼ 1.27.

Samples GaNP/GaP GaNAs/GaAs

Defects L1 L2 L3 Gai-B Gai-C
a G1 Gai-A Gai-B Gai-C

S 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2

I … … … 3/2 3/2 … 3/2 3/2 3/2

G 2.00 6 0.01 1.96 6 0.01 2.01 6 0.01 2.00 6 0.01 2.00 6 0.01 2.04 6 0.01 2.00 6 0.01 1.99 6 0.01 2.00 6 0.01

A(69Ga) (� 10�4 cm�1) … … … 1150 6 50 620 6 30 … 740 6 40 1250 6 60 620 6 30

Linewidth (mT) 60 6 6 60 6 6 20 6 2 20 6 2 35 6 4 50 6 5 35 6 4 25 6 3 35 6 4

aOnly observed after post-growth hydrogen treatment.
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of the near-band-edge emission caused by combined effects

of the H-induced band-gap re-opening and suppression of

alloy fluctuations.14,15 In addition, a decrease in intensities

of the defect-related PL band was observed, likely due to the

hydrogen-induced passivation of the corresponding radiative

centers. The ODMR spectra from the as-grown samples were

found to be very similar when recorded via either the near-

band-edge or the defect-related emissions. They contain a

number of lines related to several ODMR signals. As in the

case of GaNP, the revealed ODMR signals have a negative

sign, which evidences that the involved defects act as effi-

cient recombination channels competing with the radiative

recombination. However, ODMR signals were suppressed in

the hydrogenated structures.

Spin Hamiltonian parameters of the defects were obtained

based on an analysis of the measured ODMR spectra by using

the spin Hamiltonian given in Eq. (1) and are summarized in

Table II. The spectra are found to contain a single Gaussian

line signal (denoted as G1 in Fig. 5) from a paramagnetic center

(S¼ 1/2) of unknown origin, as well as multi-line signals from

several Gai-related defects. The latter were identified based on

the resolved hyperfine structure and are labeled as Gai–A,

Gai–B, and Gai–C.20,36 We underline that the same labels are

given for the Gai-related interstitial complexes in GaNP and

GaNAs alloys due to the similarity in their hyperfine interaction

strengths. The local surrounding of the defects, however, may

differ between these materials.

From Fig. 5, the effects of hydrogen incorporation in

GaNAs are distinctly different from that observed in the

GaNP alloys. First of all, we notice that the main effect of

hydrogenation here is dramatic quenching of the ODMR

signals that implies efficient passivation of the Gai-related

defects by H. This behavior is more “traditional,” as hydrogen

is known to effectively passivate various point defects in semi-

conductor materials. On the other hand, defect activation if any

could only be observed for the GaNAs alloy with [N]¼ 1.3%,

see Fig. 5(c), where a relative contribution of Gai–C in the

measured ODMR spectrum increases in the hydrogenated ma-

terial. However, since this increase is accompanied with an

overall strong quenching of the ODMR intensity, it is hard to

reliably conclude whether Gai–C was indeed activated by H or

it just appears to be stronger because of the quenching of the

Gai–A, Gai–B signals upon hydrogenation. In turn, this also

raises the question whether the Gai–C complex in GaNAs has

the same structure as in GaNP alloys, i.e., if it contains hydro-

gen as a partner, or the observed similarity in the hyperfine

interaction strength for this defect in both materials is purely a

coincidence. In the case when Gai–C was readily formed in the

as-grown sample its intensity is found to be reduced by the hy-

drogenation (Fig. 5(d)).

FIG. 5. (Color online) ODMR spectra from GaNAs structures detected at

5 K by monitoring the near band edge emissions. The ODMR signals are

isotropic and are normalized to the PL intensity. Simulated ODMR signals

are displayed in (a) whereas the experimentally measured spectra are shown

in (b)-(d) for the specified N compositions. The simulated ODMR spectra

are also shown in (b)-(d) by the thin black lines. The spin Hamiltonian

parameters used in the simulated spectra are given in Table II.

FIG. 6. (Color online) Typical PL spectra measured at 5 K before and after

post growth hydrogenation from (a) a GaNAs epilayer with [N]¼ 0.7%,

(b) a GaNAs epilayer with [N]¼ 1.3% and (c) GaNAs/GaAs MQW with

[N]¼ 1.6%. A blueshift of the near-band-edge PL is observed for the GaNAs

MQW structure with the highest N content of 1.6% as compared with the

epilayer sample with [N]¼ 1.3% and is due to the quantum confinement

effect.
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The results presented so far clearly show that H has

apparently different effects on the Gai-related defects in

GaNP and GaNAs alloys. Though the exact physical mecha-

nism for this difference is not currently fully understood and

requires future theoretical studies, we may speculate that a

possible reason could be a difference in the bandgap energies

of these materials. It is possible that in both materials H

interacts similarly with Gai complexes, but the energy level

positions of the formed defects relative to the band edges are

significantly different. For example, because of the smaller

bandgap of GaNAs as compared with that of GaNP, the

defect energy level of the formed complex in GaNAs may lie

close to either valence or conduction band edge (or even out-

side the bandgap). This would strongly reduce the role of the

corresponding center in carrier recombination making it

undetectable by the ODMR technique.

IV. SUMMARY

In summary, we have employed photoluminescence and

optically detected magnetic resonance techniques to investi-

gate effects of post-growth hydrogenation by low-energy

sub-threshold ion beam irradiation on defect formation in

GaNP and GaNAs alloys. It is found that in GaNP, H incor-

poration leads to activation of a new defect which has a Gai

atom at its core and may also involve a H atom as a partner.

The observed activation critically depends on the presence

of N in the alloy, as it does not occur in GaP with a low level

of N doping. In sharp contrast, hydrogen in GaNAs is found

to efficiently passivate Gai-related defects readily present in

the as-grown material. The observed apparent disparity in

the H behavior between GaNP and GaNAs is tentatively

ascribed to a difference in the importance of the created

H-related defects in carrier recombination due to a difference

in their energy level positions with respect to the band edges.
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