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Abstract

Ultrathin gallium nitride passivation layers grown in situ on near-surface In,Ga;_,As/GaAs quantum wells using
metalorganic vapour-phase epitaxy (MOVPE) with dimethylhydrazine as nitrogen source are reported. Nitridation of
GaAs using DMHy during the post-growth cool-down is also studied. The effect of passivation on the surface
recombination rate of quantum well (QW) structures is characterized using low-temperature (10 K) photoluminescence.
Measured after growth, the GaN passivation is shown to enhance the PL intensity of the near-surface QWs
approximately by a factor of 20. For samples stored in ambient air for 5 months, the enhancement is nearly 10°. The

results suggest that MOVPE-grown thin GaN layers are applicable to GaAs surface passivation.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The high density of surface states of GaAs are
known to cause surface Fermi level pinning near
the midgap. This is a limiting factor in the
performance of advanced electronic and optoelec-
tronic devices, especially in low-dimensional struc-
tures. Thus, a variety of different passivation
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techniques have been studied to solve this pro-
blem. GaP formed by As—P exchange reaction,
native oxides, standard Si-based insulators (SiO,
and Si3Ny), and a variety of plasma nitridation
methods, have been demonstrated to passivate
GaAs surfaces [1,2]. The use of different plasma
methods has faced problems with, e.g., disordered
surface leading to deep donor states, and forma-
tion of mixture of GaN and Ga,Os; instead of pure
GaN [3].

Passivation techniques using plasma are ex
situ methods for most of the metal organic
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vapour-phase  epitaxy (MOVPE) systems.
Although ex situ methods are useful as they can
be used during processing, in situ surface passiva-
tion has been considered to be the most effective
way to reduce the surface state density of epitaxial
layers. For example, ultrathin InP layers (1
monolayer, ML) have been shown to be effective
in the passivation of AlGaAs/GaAs near-surface
quantum wells (QWs) [4-6]. Besides plasma
nitridation of GaAs, a thin GaN layer can also
be grown epitaxially. The growth of cubic GaN
layers on GaAs has been reported despite pro-
blems resulting from the large lattice mismatch (~
20%) between the materials [7,8]. MOVPE growth
of epitaxial GaN on GaAs is enabled by the use of
dimethylhydrazine (DMHy) as a nitrogen source.
The low decomposition temperature of DMHy
allows growth at temperatures around 550°C [9].
Hence, the active structure will not suffer from
additional heating during the passivation as the
typical growth temperature of GaAs-based mate-
rials is around 650 °C.

In this work, we report the epitaxial in situ GaN
passivation of GaAs using DMHy precursor as a
nitrogen source in a MOVPE reactor. Low-
temperature photoluminescence (PL) is used to
study the effect of passivation on InGaAs/GaAs
QWs. PL intensity enhancements of up to almost
three orders of magnitude were measured from
GaN-passivated near-surface quantum wells as
compared with unpassivated samples.

2. Experimental procedure

The near-surface InGaAs/GaAs quantum well
samples were grown in a horizontal MOVPE
reactor at atmospheric pressure using hydrogen
as the carrier gas. Tertiarybutylarsine (TBAs),
trimethylgallium (TMGa), trimethylindium
(TMIn), and dimethylhydrazine (DMHy) were
used as precursors for arsenic, gallium, indium
and nitrogen, respectively. Prior to the growth of
the QW structures, semi-insulating GaAs(100) +
0.1° substrates were annealed in the reactor at
700°C for Smin to remove the native oxide. The
temperatures mentioned in this report are thermo-
couple readings [10]. A typical near-surface QW

sample consists of a 100nm thick GaAs buffer
layer, an In,Ga;_,As QW and a GaAs top barrier
layer. The indium fractions of the 6 and 4 nm thick
quantum wells are 20 and 25%, respectively. The
thickness of the GaAs cap is Snm. The layers were
grown at 650°C and the V/III ratios used for
GaAs and In,Ga;_,As were 23 and 10, respec-
tively. The nominal growth rates were 4.2 A/s for
GaAs and 2.7A/s for In,Ga;_,As QWs.

Two different surface passivation methods using
DMHy were employed on the near-surface quan-
tum wells. In the first method, a thin GaN layer
(nominally 1-3 ML) was grown at 550 °C using a
V/III molar ratio of 100 to achieve two-dimen-
sional growth [8]. The nominal growth rate of
GaN was 1.3 A/s. In the second method, shown in
Fig. 1, after the growth of the top barrier GaAs,
the TBAs flow was switched to DMHy at 600 °C to
form a thin GaN layer via As—N exchange. After
approximately 70s of cooling, the DMHy protec-
tion was switched off at 400 °C. For reference, the
same structures were grown without passivation.
A deep-QW sample with a 20 nm thick GaAs top
barrier layer was also used as a reference.

Diffraction measurements with a high-resolu-
tion triple-axis X-ray diffractometer (HR-XRD)
with an incident beam monochromator and a
mirror were used to determine the growth rate and
composition of the In,Ga;_,As/GaAs samples.
Low-temperature PL was measured at 10 K using
a closed-cycle helium cryostat. A 488 nm line from
an argon-ion laser was used for optical excitation.
The spectra were recorded with a 0.5m mono-
chromator and a 77K Ge p-i-n detector. The
surface morphology of the samples was imaged
with an atomic force microscope (AFM) using the
contact mode.

3. Results and discussion

The PL spectra of the as-grown unpassivated,
nitridated, and GaN-passivated 4nm thick
Ing25Gag7sAs/GaAs near-surface QWs  with
a top barrier thickness of 5nm are shown in
Fig. 2. A deep-QW structure with the top barrier
thickness of 20nm is shown as a reference. The
PL intensity of the GaN-passivated sample is
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Fig. 1. Schematic plot of the post-growth nitridation procedure (axes not in scale).
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Fig. 2. PL spectra of as-grown passivated 4nm thick
Ing25Gag75As/GaAs near-surface QWs. The PL intensities of
the passivated samples are enhanced and the peaks are slightly
red shifted as compared with the unpassivated QW.

enhanced by a factor of 21 compared with the
unpassivated QW. Table 1 shows the relative PL
intensity, energy shift and full-width at half-
maximum (FWHM) of the PL spectra in Fig. 2.
A small red shift of 2.8 meV can be seen in the PL
spectrum of the GaN-passivated quantum well
compared with unpassivated structure. This beha-
vior is probably caused by the formation of
GaAs,N|_, on the GaAs—GaN interface due to
As—N exchange. As a consequence, the nominally

Table 1

Relative PL intensity and energy shift of nitridated, GaN-
passivated and deep-QW sample as compared with unpassi-
vated structure. The FWHM of the PL curves are shown for
reference. PL spectra of the samples are shown in Fig. 2

Sample PL intensity ~ Energy shift FWHM
(meV) (meV)
Nitridated 31 —4.9 12.6
GaN 21 -2.8 13.2
Unpassivated 1 0 19.1
Deep QW 23 4.2 11.3

Snm thick top barrier GaAs has a graded
composition of GaAsN. Thus, the QW barrier is
presumably reduced because with low fractions of
nitrogen, GaAs,N;_, has a lower band gap than
GaAs. This is seen as a red shift of the PL
spectrum. These assumptions are supported by the
fact that even a larger red shift (4.9 meV) is evident
in the spectrum of In,Ga,_As/GaAs QW passi-
vated with the nitridation method. It can be
expected that in the nitridation the As—N exchange
is more pronounced and the GaN layer is thinner,
effectively leading to even larger reduction of the
QW barrier. The PL FWHM of both the
nitridated and GaN-passivated sample are reduced
by approximately 6meV compared with the
unpassivated QW.
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Fig. 3. AFM micrographs of (a) deep-QW, (b) unpassivated, (c) GaN-passivated, and (d) nitridation-passivated near-surface QW
samples. No clear difference can be observed between (c) the epitaxial GaN layer and (d) the nitridated GaAs surface. The scan size is

3 x 3um? and the vertical scale is 3 nm.

Fig. 3 shows the AFM micrographs of (a) a
deep-QW, (b) unpassivated, (¢) GaN-passivated,
and (d) nitridation-passivated near-surface QW
samples. The AFM scan size is 3 x 3 um? and the
vertical scale is 3nm. In Figs. 3(a) and (b), small
2D islands can be seen on the GaAs atomic layer
terraces. These are presumably GaAs islands. In
(¢) and (d), no such small islands are seen.
However, the surface morphologies are typical to
2D island growth with larger islands near the step
edges. No clear difference can be observed between
(c) the epitaxial GaN layer and (d) the nitridated
GaAs surface. All in all, the passivation treatments
do not seem to degrade the surface morphology of
the sample.

The effect of the thickness of the GaN passiva-
tion layer on the PL of the near-surface quantum
wells was studied by varying the growth time of
GaN. Fig. 4 shows low-temperature PL spectra
from 6 nm thick IngGagg0As/GaAs near-surface
QWs passivated with 1-3MLs of GaN. The
thickness of the GaAs cap is 5nm. Blue shifts of
1.3 and 3.9meV are observed as the nominal
thickness of GaN is increased from 1 ML to 2 and
3 ML, respectively. This shows that a thicker GaN
layer with the band gap larger than that of GaAs
compensates the red shift seen in Fig. 2. The PL
intensity is nearly the same for the samples with
GaN thickness of 1 and 3 ML. For the sample with
2ML of GaN, the PL intensity is approximately
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Fig. 4. PL spectra of passivated 6 nm thick Ing20GaggoAs/GaAs near-surface QWs with varying thickness of GaN. The inset shows
the relative PL intensity as a function of the thickness of the GaN passivation layer.
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Fig. 5. PL  spectra of  passivated 4nm  thick

Ing25Gag7sAs/GaAs near-surface QWs after samples stored
about 5 months in ambient air. The intensity of GaN-
passivated sample is nearly three orders of magnitude larger
compared with unpassivated sample.

two times higher. The surface morphologies of all
three samples were alike (AFM micrographs not
shown here).

PL measurements of 4nm thick Ing,sGag75As/
GaAs near-surface QWs were carried out after

storing the samples for about 5 months in ambient
air. The spectra are shown in Fig. 5. The PL
intensity of the GaN-passivated sample is nearly
10° times larger compared with the unpassivated
QW. The intensities of nitridated, GaN-passivated,
and deep-QW structures are in the same order of
magnitude. The photoluminescence of InGaAs/
GaAs deep QWs should not typically be affected
by oxidation. This implies that nitridation and GaN
passivation have protected the samples against
degradation caused by oxidation. Overall, the PL
intensity enhancement results show that both the
epitaxial GaN and the nitridated GaAs passivate
the GaAs surface and this effect lasts over time.

4. Conclusions

In summary, photoluminescence enhancement
of In,Ga;_,As/GaAs near-surface QWs by epi-
taxial in situ GaN passivation is reported. The
nitridation of surfaces using DMHy during post-
growth cool-down is also shown to be an effective
passivation method. The low-temperature PL
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measurements of near-surface QWs showed GaN
passivation to enhance the intensity approximately
by a factor of 20 compared with an unpassivated
QW. For samples stored in ambient air for 5
months this factor was close to 10°. A GaN layer
thickness of 2 ML yielded the highest PL enhance-
ment. The results suggest that the introduced
ultra-thin epitaxial GaN layer grown on GaAs is
an efficient in situ method for surface passivation.
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