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Near-surface GaN/GalnN quantum wells (QWs) were investigated as optical transducers for the detection of hydrogen sulfide. The heterostructure
sensors were grown by metal organic vapor phase epitaxy and later covered by a thin layer of Au by electron beam evaporation. The QW
photoluminescence (PL) is sensitive to changes in the sensor surface potential. By the adsorption of hydrogen sulfide (H>S) on the Au cover layer,
downward near-surface band bending results in an increase of the quantum confined Stark effect in the GalnN QW producing a red shift in its
luminescence. Unexpectedly, an increase in PL intensity is also observed. A concentration of 0.01 parts per million of H,S in nitrogen has been
successfully detected. This phenomenon may be helpful to detect trace amounts of H,S present in the human breath for early detection of

diseases. © 2019 The Japan Society of Applied Physics

1. Introduction

Group-1III nitrides have well known material properties that
make them suitable for application in chemical and biochem-
ical sensing.'™ Specifically, GaN has the capacity to operate
at high temperatures, hence it can be used to realize Schottky
diode and field effect transistor gas sensors.®”'" Due to its
surface being highly electrochemically stable,'' ™' GaN also
may find applications in the field of biochemical sensors in
liquid electrolytes.'>~'® The material also has good optoelec-
tronic properties that can be utilized in the creation of novel
sensors which produce an optical readout signal. Since this
optical signal can be processed remotely, the sensor can be
used in situations where destructive chemicals would make
electrical contacting a complicated endeavor. Optical readout
also provides the opportunity to use a single sensor with
different functionalization to detect different molecules at the
same time.

GaN based gas sensors investigated in this study work on the
principle of changes in the near-surface band bending related to
the change of surface charges induced by the adsorption or
desorption of gas molecules on the sensor surface. This in turn
results in a change of photoluminescence (PL) emission, easily
detectable even at room temperature. A typical near-surface
upward band bending of about 1eV has been reported for
n-doped GaN.'”?* This partially compensates the quantum
confined Stark effect (QCSE) caused by the piezoelectric and
spontaneous polarizations in a GalnN quantum well (QW)
placed just a few nanometers below the surface. When a
reducing agent like hydrogen attaches to the semiconductor
surface, it will transfer an electron to the semiconductor
resulting in the formation of an electric field and subsequently
downward band bending will occur.?" This finally results in an
increase of the QCSE and a red shift in the QW PL emission,
whereas in contrary an oxidizing agent which removes an
electron from the surface will induce a blue shift.?? However,
this exchange of electrons is not very straightforward in the
presence of a metal layer on the semiconductor surface.

This study is concerned with characterizing GaN/GalnN
QW heterostructures grown on an optically transparent
sapphire substrate and capped by a thin metal layer to
achieve improved selectivity. As discussed above, chemically
induced changes to the surface potential alter the PL emission
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wavelength and intensity of the heterostructure. This effect is
used here to demonstrate gas sensing. Hydrogen sulfide
(H,S) is of particular interest in the medical sciences
community, as accurate detection of the gas in the exhaled
human breath can provide useful information about a
patient’s health.”>?® Our studies have shown that a layer
of gold on top of the GaN/GaInN heterostructure provides
very good sensitivity for H,S. Concentrations as low as 0.01
parts per million (ppm) of H,S in nitrogen have been detected
with the sensor. In accordance with simulation results, a
thinner GaN cap layer on top of the GaInN QW proved to be
more sensitive. The sensitivity was further increased by
introducing n-type doping during GaN growth.

2. Experimental methods

For the growth of GaN/GalnN semiconductor heterostructure
investigated in this work, an Aixtron AIX200/RF HT commer-
cial horizontal flow metal organic vapor phase epitaxy reactor
was used. Ammonia (NHj3), trimethylgallium (TMGa), trimethy-
laluminum (TMAL), triethylgallium (TEGa), and trimethylin-
dium (TMIn) are the precursors for the epitaxial growth. Silane
gas is used as Si source for n-type doping. Ultra-pure nitrogen
and hydrogen are used as carrier gases. Epitaxial growth takes
place on a 2 inch c-oriented double-side polished sapphire wafer
with 0.2° offcut towards the m-direction. A 20 nm thick AIN
nucleation layer is firstly grown for better GaN crystal quality.*”
This is followed by Ga-polar GaN buffer layer growth with
a thickness of 1.2 pum at 1135°C. This buffer layer was
either left undoped, or different levels of n-type doping
(~1 x 10" ecm =1 x 10" em ™) were added by the inclusion
of silane during the growth process. A single 3 nm thick GaInN
QW containing about 13% of indium and emitting at about
440 nm is grown at a temperature of 845 °C on top of the buffer
with an undoped GaN capping layer of varying thickness, i.e. 3,
6 and 9nm (Fig. 1). For better detection of hydrogen and
hydrogen sulfide, the sensor surface is functionalized with a few
nm thick metal layer of either Pt or Au using electron beam
evaporation.

To perform optical sensing experiments, the sample was
placed in a gas sensing setup (Fig. 2), which consists of a
sealed chamber and a sample holder used for backside
excitation of the sample through a glass window with anti-
reflective coating. The chamber is connected to a gas mixing

© 2019 The Japan Society of Applied Physics
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Fig. 1. (Color online) Cross section of the GaN/GalnN semiconductor
heterostructure. Varying background doping and capping layers of different
thickness were used for the measurements.

cch Monochromator
420 and 435 nm
Bandpass Filter
Dichroic Mirror
425 nm cutoff
PC
Photoluminescence
Gas Flow
Controller

apparatus with a supply of nitrogen, forming gas (5%
hydrogen in 95% nitrogen) and H,S (10 ppm in nitrogen).
The sensor is first exposed to 500 sccm of nitrogen for 5 min
for initialization. Then H,S diluted by nitrogen is introduced
in the chamber for 5min to measure the change in PL
response from the sensor. Several cycles of this switching
between nitrogen and hydrogen sulfide (diluted in nitrogen)
are repeated. A blue laser with a wavelength of 405 nm is
used for selective QW excitation. The readout of the sensor
response is performed through the same path as the laser used
for excitation. A dichroic mirror with a cut-off wavelength of
425 nm separates the PL from the excitation. A monochro-
mator in combination with a CCD camera is used to
spectrally resolve the PL emission, which is continuously
recorded during the gas switching. The QW peak wavelength
and intensity are evaluated as the sensor signal.

3. Results and discussion

A set of samples with undoped GaN buffer and a single
GalnN QW were first used for hydrogen sulfide sensing. We
investigated the influence of the GaN cap layer thickness
which has a direct relation to the sensitivity of the sensor. The
GaInN QW should be located close to the surface within the
depletion zone to maximize the wavelength shift. However,

Dielectric Mirror
400-750 nm

405 nm

Bandpass 405 nm Laser

ND Filter

Plano-Convex Lens

GaN/GalnN Heterostructure

Fig. 2.
with a supply of nitrogen, hydrogen and hydrogen sulfide.
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(Color online) Optical gas sensing setup: a blue laser (405 nm) is used for the QW excitation. The sealed chamber is connected to a gas mixing setup
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Fig. 3. (Color online) (a) Reference PL spectrum of a sensor (b)
wavelength and (c) intensity response of Au functionalized sensor with cyclic
switching of nitrogen and 10 ppm H,S.

the closer the QW is to the surface, the more likely electrons
will tunnel out and non-radiatively recombine via surface
states. Therefore, a compromise needs to be achieved
between the sensitivity and the signal-to-noise ratio.

The influence of GaN cap layers of different thickness was
investigated by letting nitrogen and 10 ppm of H,S cyclically
switch in 5 min intervals. A gold layer of 3 nm thickness on
top of the GaN cap layer is used for functionalization of the
sensor for H,S detection due to the strong chemical affinity
between Au and S.*” At room temperature, the adsorbed H,S
molecules on the Au layer may decompose and form SH
species, while H, molecules are released to the gas phase.’"
This chemisorption at the sensor surface leads to a change in
the PL wavelength and intensity. Another probable reason for
the PL shift could be the diffusion of atomic hydrogen
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Fig. 4. (Color online) Simulated data (nextnano) showing a higher
sensitivity with more doping and thinner GaN cap layer.

through the GaN/Au interface to passivate the surface defects
or form interface dipoles leading to a change in the Schottky
barrier height. However, further investigations of these
phenomena are currently done for a better understanding.

A reference PL spectrum is shown in Fig. 3(a) with a peak
wavelength of 439 nm. The dependence of the wavelength
response (S = Ag/An) and the intensity response (A = Ig/Iy)
on the thickness of the cap layer are also plotted in Fig. 3,
where A\g and Ay are the peak wavelengths in H,S and N,
ambient, respectively. Similarly, /g and Iy are the maximum
intensities of the PL emission in the two different gas
environments. We find, that an increase in the cap thickness
results in a decrease in the wavelength and intensity response.
This result confirms the simulation predictions shown in
Fig. 4, where the samples with the thinner cap layer are
expected to show a larger wavelength shift. The simulations
were performed using the software “nextnano”>? which
yields a self-consistent solution of Poisson, Schrédinger and
drift-diffusion current equations. Here, the sensing situation
was simulated by evaluating the wavelength response differ-
ence of the sensor structure when varying the Fermi level
surface pinning by 0.3 eV. The simulation also predicts that
by increasing the doping concentration in the sensor the
sensitivity can be increased, because higher doping leads to a
stronger curvature of the band bending near the surface.

Therefore, a series of samples with different doping con-
centration was grown, and similar gas sensing experiments
were performed. For this series however, a much lower
concentration of H,S was used to determine the lower limit
of detection. Figure 5 shows the change in wavelength and
intensity over the different gas switching cycles. A small red
shift is observed when 1 ppm of H,S is added to the sensing
chamber, and the effect is clearer for the highest doped sample,
i.e. 9 x 10" cm ™. The change in the PL intensity is apparently
much more pronounced as the intensity increases by roughly
50% under H,S ambient for the highest doped sample. The
sensor response time is about a minute at room temperature to
reach 90% of the maximum intensity, however the sensor
recovery takes about 5 min to achieve the starting PL intensity
in N, ambient. An interesting phenomenon to note here is the
increase in PL intensity accompanied with a red shift in the
emission wavelength. The band bending caused by the changes

© 2019 The Japan Society of Applied Physics
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Fig. 5. (Color online) Change in PL wavelength and intensity of a single
QW, varying doping concentration samples and with 3 nm Au functionali-
zation. The highest doped samples shows the best sensitivity when switching
from nitrogen to hydrogen sulfide ambient.
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in the surface potential could possibly increase the QW barrier
height toward the GaN bulk effectively stopping the leakage of
electrons hence increasing the radiative recombination rate.
Another probable explanation, as mentioned previously, is
again the diffusion of hydrogen gas to passivate the surface
defects leading to an increase in the PL intensity.

To further test the selectivity of the Au functionalization
layer towards H,S, another highly doped sample with the
same internal specifications was functionalized with a Pt
layer which has previously shown good hydrogen sensing
results.”” Obviously, only the Au functionalization detects
hydrogen sulfide even at a lower concentration of 1ppm
(Fig. 6). Pt functionalization fails to detect H,S and also leads
to a considerable decrease in PL intensity presumably due to
the tunneling out of electrons as the barrier height is reduced.
The decrease in the PL intensity necessitates an increase in
excitation power to make the PL signal detectable.

The lowest concentration of H,S which could be detected
with our sensor was 0.01 ppm (10 ppb) as shown in Fig. 7.
The intensity and wavelength response are both plotted with
a logarithmic x-axis showing the decrease in the H,S
concentration from 10 to 0.01 ppm. The intensity response
is a better indicator compared to the wavelength response,
which changes only slightly. At such low concentrations the
sensor response time increased from 60 to about 120 s.

4. Conclusions

The effect of hydrogen sulfide adsorption on the surface of a
GaN/GalnN heterostructure with metal functionalization
layer has been investigated. A thinner GaN cap layer results

Pt Functionalized
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sensitivity to H,S even at 10 ppm. A higher excitation power is also necessary to detect the PL as Pt leads to lowering of the signal intensity.
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Fig. 7. (Color online) Intensity and wavelength response of a GaN/GalnN
heterostructure sensor with different concentrations of hydrogen sulfide.

in better sensitivity. Experimental data are consistent with
theoretical predictions that higher doping concentration in the
bulk layer leads to much better sensitivity. A gold layer was
found to be better for H,S sensing compared to a Pt layer.
With the adsorption of H,S on the Au layer, a red shift and an
increase in the emission intensity is observed. This indicates
better carrier confinement leading to stronger radiative recom-
bination. The lowest concentration of H,S detected was
0.01 ppm at room temperature, which is in the range required
for breath analysis. The results support the prospective use of
GaN/GalnN heterostructures in gas sensing applications.
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