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Optimizing InGalN Heterostructures for High
Biosensitivity: Simulations Versus Experiments

Martin F. Schneidereit and Dominik Heinz

In this work, the optimisation of indium gallium nitride (InGaN) heterostructures towards
high biosensitivity is presented. Potential changes on the surface of InGaN heterostruc-
tures lead to a shift in wavelength and intensity of the photoluminescence (PL) signal of an
InGaN quantum well (QW) positioned close to the surface. The semiconductor software
nextnano is used to simulate various parameters to find the ideal background doping, QW
position and thickness. For live sensing experiments, a new setup with horizontal sample
positioning is introduced to enable reproducible verification of the simulation results.

1. Introduction

Gallium nitride (GaN) is widely known for its use in LEDs and, more recently, in high-
electron mobility transistors (HEMTs) [1,2]. With its chemical inertness and stability
it is ideal for the use in biological and chemically harsh surroundings [3-6]. The pho-
toluminescence (PL) signal of InGaN quantum well (QW) heterostructures is sensitive
to electrical fields within the QW such, that a wavelength emission shift as well as an
intensity change can be observed for varying fields present in the QW (quantum-confined
Stark effect, QCSE). This effect can be used to detect surface potential changes (com-
pare Fig. 1): due to near-surface band bending, surface potential changes induce electric
fields within a QW located close to the surface. Due to this field, wavefunctions from
both electrons and holes get more separated for higher internal fields and show reduced
separation for lower internal fields. The separation on one hand determines the overlap
and thus recombination probability /PL intensity of the exciton. On the other hand, both
electrons and holes have their effective recombination energy decreased for higher sepa-
ration. The surface potential change is thus translated into a PL wavelength shift. It has
been shown by several groups (including our own) that InGaN heterostructures can be
used for sensing [5,7,8].

In order to achieve a maximum response from the QW structure, various sample parame-
ters can be changed and thus optimized. To reduce time and cost for such growth series,
simulations are performed with nextnano.

2. Experimental Setup

In order to obtain an undisturbed read-out signal, backside excitation through the sub-
strate is essential. Double-side polished (DSP) sapphire wafers are thus used for the epi-
taxy of the heterostructures. The setup described in the following can be seen in Fig. 2:
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Fig. 1: Sensor principle schematic: for an undisturbed /virgin surface (left), the surface potential
is only tilted due to the piezofield of the QW. For adsorbed molecules, the surface potential is
shifted (right), resulting in a near-surface band bending which leads to shift in the effective QW
recombination energy: surface potential change is translated into QW emission shift.

for live sensing, the sample surface should be horizontal in order to enable application of
liquids from the top. In order to measure the spectral shift directly, the spectrum of the
QW with an untreated surface is recorded. Then, the molecules are added to the surface
via a pipette and the shifted spectrum is recorded. This is done in order to eliminate
spectral changes due to inhomogeneities of the heterostructure itself. From the relative
position of the peaks, the wavelength shift in nm can be determined, all spectra are nor-
malized for better comparability. To exclude (complete) laser absorption within the GaN
bulk material and to excite only the QW, a 405nm laser is used which has its energy
below the bandgap of GaN. The laser beam is coupled into the beamline of the optical
setup via a dicroic beamsplitter which reflects the laser but transmits the PL signal. The
transmission spectrum of the filter can be seen in the inset of Fig. 2. The beam is then
focussed onto the InGaN heterostructure to excite the QW. The PL signal is collected
and collimated by the same lens located below the sample. This is done to keep the top
side free for adding of sensing liquids. The collimated PL signal is transmitted through
the beamsplitter and then reflected by a silver mirror to be focused into the spectrometer
unit.

3. Simulation with nextnano

The heterostructures which are grown by metalorganic vapor phase epitaxy (MOVPE)
have to be optimized for optical sensing. To maximize the spectral shift originating
from the QCSE, various parameters can be adjusted, including: QW thickness, cap layer
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Fig. 2: The setup for live sensing experiments. The beam of a 405nm laser is coupled into
the optical readout beam line via a dichroic beamsplitter (transmission spectrum, see inset) and
then focussed onto the InGaN structure from the backside. The PL signal is then also collected
from the backside and passes the dichroic filter where it gets reflected by a silver mirror. The
collimated signal is then focussed into a spectrometer unit. In order to perform live sensing, a
PL spectrum of the structure is recorded and subsequently the test substance is added from the
top. The PL emission shift can then be directly observed.
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Fig. 3: Schematic of a standard QW heterostructure. The GaN buffer layer (thickness 1-3 pm)
is grown on a sapphire substrate of 450 pm. On the buffer layer, a 3-6 nm InGaN layer is grown,

which is followed by a GaN cap layer of 3-30 nm. The InGaN embedded between the GaN layers
forms the quantum well.

thickness, background doping concentration, indium concentration within the QW (see
Fig. 3 for reference). The tool used for these simulations is nextnano, which is an advanced
semiconductor device simulation program. nextnano performs a self-consistent solution
of Poisson, Schrodinger and drift-diffusion current equations.

As a first means, the QW thickness was varied from 3nm up to 6 nm in steps of 0.5 nm
for different background doping concentrations. It is expected that for a thicker quantum
well, the overall potential difference in the QW increases and thus leads to an increased
QCSE. This in turn increases the wavelength shift and thus the sensitivity for the given
heterostructure. The results are indicated in Fig. 4. With larger thickness, an increased
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wavelength shift could be observed from a predefined surface potential shift. The potential
shift was chosen to be 0.6 eV as this is the order of magnitude that can be expected from
biomolecules. With increasing thickness however, the separation between electron and
hole wavefunctions increases linearly, thus reducing their overlap exponentially. This
leads to a reduced recombination rate by up to a factor of ~ 1000. This means that a
trade-off has to be met between sensitivity (i.e., the amount of wavelength shift) on one
hand and signal intensity, which is related to the recombination rate, on the other. For
intermediate thicknesses, high background doping concentrations seem to be desirable.
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Fig. 4: Wavelength shift versus QW thick-
ness. The dotted curves represent different
n-doping concentrations: for higher doping,
even thin QWs exhibit an increased shift.

Fig. 5: Wavelength shift versus indium
content in the QW. The dotted curves
represent different n-doping concentrations:
higher doping increases the shift for even

low indium content.

The second parameter varied in the simulations was the indium content in the InGaN
QWs, again with various background doping concentrations. Considerations were the
same as for the QW thickness: with higher indium concentration, strain is increased, as is
the QCSE. The simulations confirm these expectations: higher indium concentration leads
to a considerably increased sensitivity for low background doping, while for higher doping,
the effect is not as prominent (see Fig. 5). The drawback of high indium concentrations
(similar to higher QW thicknesses) is that the wavefunction separation increases and leads
to reduced signal intensity. For intermediate indium content, again, higher background
doping seems to be desirable.

The last parameter that was considered is the positioning of the QW within the GaN bulk,
i.e., its position relative to the surface. The barrier between the surface and the QW is
called the cap layer. The sensor principle is based on the change of the QCSE which is
induced by free carriers within the material. Depending on the background doping, the
penetration of the surface band bending into the material happens within few to several
hundreds of nanometers. From first considerations done in [9], the higher the field in the
QW, the more sensitive it reacts to small potential changes. In the simulations performed,
the trend is perfectly clear: highest sensitivity is achieved for QWs positioned close to the
surface and for the maximum local field, high doping is needed (see Fig. 7). This matches
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well with the previous considerations of higher background doping being advantageous
for higher sensitivity. The simulations for 3 nm showed numerical problems and were not
included in Fig. 7.
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Fig. 6: Representative PL spectra for apoferritin: the virgin surface PL signal was undergoing

a red-shift when apoferritin (solved in DI water) was added on top. The observed red-shift was
17nm for a QW thickness of 3nm and a cap layer of 3nm.

4. Comparison Between Simulations and Measurements

With the setup described above, live measurements are possible and thus, first results
could be obtained from sensing in liquid environments. As examplary biomolecules, solu-
tions of ferritin and apoferritin? have been prepared by S. Chakrabortty et al.?. Ferritin is
a macromolecule related to the iron household of the human body. Within its hollow core,
it can store Fe?" ions and release them at a desired position within the bloodstream [10].
The ferritin concentration in the blood is an indicator for various health conditions, such
as chronic anemia [11]. With our sensor structure we want to detect the iron content
of ferritin itself, which is expected to be an even superior biomarker for further diseases
such as Alzheimer’s disease [12]. For first analysis, the influence of the biosolvent on the
surface potential was investigated. The intrinsic wavelength shift of the biosolvent has
to be taken into account for an exact determination of the molecule’s concentration later
on. The shift is determined by analyzing and comparing the spectra of the virgin surface
versus the surface with added molecules/liquids. An exemplary apoferritin analysis can
be seen in Fig. 6. While deionized (DI) water did not show any spectral shift, toluene
showed a spectral shift of 4.4nm (both see Fig. 9). DI water is used as solved for pure
ferritin and apoferritin, while toluene is used for later stages of the experiments.

The next step was to analyze the molecules themselves (see Fig. 10): ferritin and apo-
ferritin were analyzed for different cap layer thicknesses! to compare with the results

2 Apoferritin is ferritin depleted of iron.
3Institute of Organic Chemistry III, Ulm University
4Samples with cap layers > 9nm had faulty growth runs and could not be investigated.
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Fig. 9: Spectral shifts of biosolvents: DI water (left) did not lead to any spectral shift of the
PL signal. For toluene (right), a spectral red-shift of 4.4nm can be observed.

discussed in Sect. 3. The results were mostly as expected: for the thinnest cap layer, the
sensing shift was highest, whereas for thicker cap layers the shift reduced (see Fig. 8).
When compared to the simulations in detail, the results point to a background doping
concentration of ~ 0.5-107em ™3, which is reasonable for MOVPE growth with unintended
background doping from contaminants. In order to better determine the shift in surface
potential due to the adsorption of apoferritin, the simulations were used to approach the
observed shift by assuming various surface potential changes. The results can be seen
in Fig. 11: due to the observed wavelength shift, a surface potential change of —1.6eV
is concluded. This is higher than expected, errors might arise from donor concentration
which was assumed to be ~ 1 - 10'%m™ but is possibly higher (compare results above).
All in all, the simulations match well with the expected result, even though uncertainties
remain about exact surface starting potential and induced shift by the biomolecules.
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Fig. 10: Comparison between measurement Fig. 11: QW simulations for Fig. 10: for
and simulation for apoferritin sensing: the ob- the given sample, the surface potential was
served red-shift was 3.5nm for a QW thick- changed and the resulting wavelength shift
ness of 3nm and a cap layer of 9 nm. was compared to the measurement. The

matching potential change was —1.6eV.

5. Summary

In conclusion, a setup for horizontal excitation is demonstrated, enabling live sensing
experiments on fixed sample positions. These live sensing results are used to better un-
derstand the sensing behaviour of InGaN QW heterostructures and to confirm the results
found in [7]. They are also compared to the simulations done in nextnano, which have been
performed in order to optimize the heterostructure design parameters to achieve maxi-
mum biosensitivity. With both, simulations and experiments, further QW samples will
be improved to come closer to our final goal of realising medical sensors for biomolecules.
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