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Unipolar source drain voltage pulses of GaN/AlGaN - High Electron Mobility Transistors
(HEMT) were used for stimulation of cultured neuronal networks obtained from embryonic rat
cerebral cortex. The HEMT sensor was grown by metal organic vapour phase epitaxy on 2
inch sapphire substrate consisting of 10 single HEMTs concentrically arranged around the wa-
fer center. Electrolytic reactions between the HEMT sensor surface and the culture medium

were not detected by using cyclic voltammetry.

During voltage pulses and resulting neuronal excitation, capacitances were recharged giving
indications of the contributions of the AlGaN and the AlOx isolation layers between the two
dimensional electron gas (2DEG) channel and the neuron culture. The resulting threshold cur-
rent for stimulation of neuron activity strongly depends on the culture and HEMT position on
the sensor surface under consideration which is caused by different impedances of each neuron
culture and position within the culture. The differences of culture impedances can be explained

by variations of composition, thickness, and conductivity of the culture areas.



1. Introduction

Neuronal cell cultures are a good model to investigate the development of neuronal networks under
experimentally defined conditions /1/. The stimulation and recording of neuron activity using planar
microelectrodes is very helpful for studying the signal transfer within and into such network /2/. Elec-
trode interfaces mostly used are the metal-multi electrode arrays (MEAS) on glass or silicon substrates
13/, 14/ and various types of Field-Effect-Transistors (FETS) on Silicon substrates /5/. Specidly, MEA

systems allow the multi site stimulation and recording from neuronal networks /6/.

Another approach for a neuron-transistor-interface represents the electrolyte gated high electron mo-
bility transistor (HEMT) based on the AlGaN/GaN heterostructure /7/. Polarisation charges within the
AlGaN/GaN interface create a two dimensional electron gas which acts as a conductive path directed
paralel to the surface. Surface charges at the opened gate area control the conductivity of the two-

dimensiona e ectron gas (2DEG) measurable as a change in the source-drain-current /8/.

The group-I11 nitride materials exhibit some advantages as biosensors in neuronal networks. The ex-
cellent biocompatibility and the high chemical resistance allow the operation under biological and
chemically hazardous conditions in a long time regime. Furthermore, by using HEMT structures the
current can be gained by biasing the source-drain channel. These advantages are combined with the
chemical sensitivity of AlIGaN/GaN devices. For instance, with HEMT structures pH-values and the
conductance of electrolytic solutions /7/ can be detected /9/, as well as gases like oxygen and carbon
dioxide by using functionalized surfaces /10/ or specific contents in biological cultures, such as pro-
teins, enzymes, and cells by using marker molecules /10/. Until now there are not many reports about
the use of HEMT structures as interface for the direct stimulation of neurona networks. In /11/ the
recording of cardiac myocyte cells of embryonic Wistar rats have been described and /12/ reports
about the identification of extracellular potentials of NG108-15 nerve cells by an AlIGaN/GaN HEMT.
In both cases Ag/AQCI reference electrode was used within the neuron culture. But, an additiona ref-
erence electrode complicated the handling of the HEMT sensor during cultivation and measurements.
In our study neuronal networks were cultivated on an AlGaN/GaN- (HEMT) arrangement and were
stimulated by electrica pulses delivered through the HEMT. Only the source and drain contacts of the

HEMT structures were used for current stimulation.

2. Experimental Details

The HEMT structures are grown by metal organic vapour phase epitaxy on double polished 2 inch
sapphire substrates with the layer arrangement sapphire substrate / GaN buffer layer/ undoped
GaN/AlGaN/GaN top layer with an Al-content of 27 % in the AlGaN layer. The 2DEG shows a sheet
electron concentration of about 2*10™ cm? and a mohility of about 850 cm?V's. The source drain
electrodes distance is 20 um. The contacts consist of Au/Ti layers connecting the 2 DEG channel di-

rectly. The contact feed lengths are 20 mm and the contact pad areas are (0.8 *0.9) mm?. All contacts
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and the contact feeds are isolated by a thin 35 nm AlOx layer (resistances in the range of GQ),
wheresas the gate contact area (see G in figure 2A) is free from the isolation layer and thus in direct
contact with the cultivated nerve cells and the surrounding culture medium. All HEMTs show very
similar IV-characteristics with a saturation current at about 35 mA at 10V and a slope below 2 V be-
tween 5.5 mA/V and 5.8 mA/V.

The wafer sensor (prepared by MicroGan GmbH) contains 10 HEMT structures arranged around the
wafer centre with a distance of 10 mm between opposite HEMTs. For cell culturing the wafer is glued
into a petri dish and the petri dish is placed into a custom made holder containing solder posts (see
figure 1). The source-drain contact pads are connected to special base plates onto the sensor area by

gold wires and further towards the solder posts by copper wires.

Cover slip with
electrode array

Au-wires
o —

Petri dish with a hole

Figure 1. Picture (left) and scheme (right) of the wafer sensor contains 10 HEMT structures on a two
inch sapphire wafer. The wafer sensor is glued in a petri disc and into a holder involving the solder

posts.

Our HEMT structures show a high sensitivity to the pH-value for acid solutions (1.9 Ohm/pH). In
contrast, at frequencies higher than 1 kHz the impedance is independent of pH-values but correlates
well with the conductance of the sodium chloride and hydrochloride acid solutions as shown in (see
detailsin /9/).

We used cyclic voltammetry to test whether the AIOx insulating layer completely prevents contact
between the culture and the gold layer and to investigate the surface reactions between the open gate
area of the HEMT which includes also two small stripes of bare gold contacts (see areas C in figure
2A). All measurements were made in a Pyrex electrochemical cell using potentiostat PGSTAT302
(Eco Chemie/Autolab, Netherlands); the interconnected source and drain contacts were used as the
working electrode. A platinum wire represents the counter electrode and a saturated calomel electrode
(SCE) the reference electrode. All potentias are applied versus the SCE.



Figure 2: (A) Neurons grown on a HEMT structure. The source (S) and drain (D) contacts as well as
the contacts feeds can be seen. The white frame represents the open gate area (G) and the bare gold
regions (C). (B — D) Cacium imaging of spontaneous network activity of the field shown in (A): 2s
before (B) during (C) and 2s after (D) a synchronous depolarization in five neurons. The spontaneous
depolarization of the neurons shows that they are viable and electric active.

For impedance measurements a precision LCR meter (HP 4284) in the frequency range between 20 Hz
and 1 MHz at zero bias and with an AC measurement voltage of 30 mV is used. The source- drain
current is measured with a source measure unit (Keithley 236) at a bias voltage of 0.1 V. For unipolar
pul se experiments the voltage of the Source Measure Unit is switched from +0.1V up to +2V and back
to +0.1 V with a pulse width of 100 ms and a pulse rising time of 1 ms.

To grow nerve cells directly on the HEMT sensors, a cultivation wall is formed by gluing a 20mm
acrylic glass ring over the central sensor area. To improve cdl adhesion and long term neuronal sur-
vival the cultivation area is coated with Poly-D-Lysine and purified astrocytes are plated inside the
acrylic glass ring one week prior to the neurona cells. After the glial cells are grown to confluence,
neurons dissociated from embryonic rat cerebral cortex are plated on top of the glia feeder layer in a
density of 800 cellsmm?. Neurona cells are cultivated for up to 3 weeks in DMEM medium in a
gassed incubator with 5% carbon dioxide content, humidity of 100% and atemperature of 37 °C.



During the cultivation time neurons formed richly interconnected, eectrically active networks. The
spontaneous neuronal activity and their response to electric stimulation were accessed by optically
recording the changes in the intracellular calcium concentration with the calcium sensitive dye Fluo-
3AM./U.

3. Results and Discussion

To test for biocompatibility neurons were plated and cultivated on the sensor surface and the devel-
opment of spontaneous network activity was recorded by calcium imaging (figure 2). Neurons grew
uniformly on the entire wafer surface including the contact zones, the region between the source drain
and on the contact feeds (see areas C in figure 2A). We have qualitatively inspected the cell growth of
al HEMTs on the wafer sensor and found no apparent preferences in the cellular distribution. Neurons
showed spontaneous changes in their intracellular calcium concentration (figure 2B-D), corresponding

to the firing of action potential bursts/1/

| (LA)

Cyclic voltammogram

-1I.5 ' -1I.O ' -OI.5 ' OjO ' Oj5 ' 110 ' 115 '

Potential (V versus SCE)
Figure 3: Cyclic voltammogram of the HEMT sensor in aCSF solution and in phosphate culture me-
dium (PO) at 100 mV/s and the source as well as the drain contacts as the working electrode (A). Cy-
clic voltammogram of a bare gold finger as the working electrode in contact with the phosphate cul-

ture medium measured under the same conditions (B).

As can be seenin figure 2A, the open gate consists of the region between the source and drain contacts
and two small stripes of the gold contacts (within the white frame) which are in direct contact with the
cell processes and the culture medium. To rule out any electrolytic effects, we investigated the inter-
face reactions between the culture medium and sensor by cyclic voltammetry. In figure 3 cyclic volt-
ammograms (CV) of the HEMT structure are shown, in two different electrolytes, the artificia cere-
brospina fluid (aCSF) solution and the 0.1 M KH,PO, (PO) solution, which have been used as me-



dium cultures for neuron and yeast cells, respectively. For comparison, in figure 3 a CV of bare gold
layers in finger contact arrangement (see aso /13/) in contact with the PO culture mediums is aso
shown. The latter curve is characterized by appearance of a very well expressed oxidation peak and a
strong reduction peak at about 0.48 V. These features are very similar to the anodic and cathodic peaks
found in /14/ for flat gold films describing the oxidation and reduction of the gold electrode. In con-
trast, the CVs of HEMT in contact with both culture media do not show any significant faradaic proc-
esses in the investigated potentia range. In the case of HEMT surface the capacitive behaviour domi-
nates. This behaviour can be attributed to capacitive influence of the AlOx layer exposed to the inves-
tigated medium cultures /15/. In addition, the 2DEG induces positive charges to the HEMT surface
wetted by the culture medium via field effect. In this case, it can be assumed that an eectrical double
layer is formed at the surface of the highly resistive AlGaN layer, which acts as an additional capaci-
tance and contributes to the overall voltammetric response of the HEMT /16/. In conclusion, electro-
lytic reactions between the HEM T sensor surface and the culture medium are insignificant and do not

contribute to the stimulation process of the neuron network.

For the stimulation of neurons with current pulses the source-drain voltage was enhanced from 0.1 V
to a defined higher voltage with a pulse width of 100 ms and a pulse rate of rise of 1 ms after 28 s of
the beginning of the measurements followed by a jump back to 0.1 V. The time dependence of the
source-drain current was recorded together with the Fluo3 Ca’*-fluorescence signal of five neurons
around the electrodes (see figure 2). In figure 4 the Ca®*-fluorescence signals and the source-drain
current pulses are drawn for three different stimulation intensities. All neurons showed spontaneous
and synchronized activity (Ca®*-fluorescence intensity peaks). For low current pulses (< 6 mA, figure
4A) the neurons did not respond. Above a current of 7.5 mA (figure 4 B and C) fluorescence peaks

are induced directly after the pulses verifying an el ectrical stimulation of the neurons.
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Figure 4: Time dependence of the Ca?-fluorescence intensity for 5 different single neurons and the
corresponding time dependences of the current pulse at constant voltage which was applied after 28 s.
The excitation conditions were varied by the voltage pulse amplitude: A - 1V pulse (6 mA); B- 15V
pulse (7.5 mA) and

The voltage-current characteristics of stimulation pulses are plotted in figure 5 for two nominaly
egual neurond cultures prepared under the same conditions and, as reference, for a dish with a-CSF
medium only. Additionally, the IV -characteristic of the HEMT with a surface exposed to air is plotted
as full line. All IV-characteristics are strongly linear proportiona representing the resistance of the
2DEG channd in the range of about 180 Q as the dominating part of the equivalent circuit. In both
used neuronal cultures the variations of the voltage/current pulse amplitudes yield a threshold current

determined as the minimal current a which the pulse stimulates the depolarization of the neurons.
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Nevertheless, there is a difference between the threshold currents for neuron stimulation of the two
cultures (1 and 2) demonstrating that the voltage pulse introduces different charge values into the cul-

ture medium, while the resistance remains nearly constant.

stimulation
104 threshold
culture 1

stimulation
threshold
culture 2

stars: only a-CSF solution

circle: culture 2

square: culture 1

straight line: IV-characteristic on air

current amplitude (mA)
»

00 05 10 15 20 25

voltage amplitude (V)
Figure 5: Current amplitude versus constant voltage pulse of two neuron cultures, an aCSF culture
medium and aHEMT in air. The IV -characteristic shows a straight forward line but the threshold cur-

rent amplitude for the excitation of the neurons differs strongly between both cultures.

To explain this discrepancy, we recorded the shapes of the pulses with dry electrodes, aCSF solution
and the neuron culture with the dye (figure 6). In air the current transients reproduce only the voltage
pulse that is characteristic for Ohmic resistances. By using any solutions on the HEMT surface, after
pulsing the current transient initially drops below the pre-pulse values and then returns to base line
values. This behavior is characteristic for recharging of capacitances. There are two possible origins
for the capacitances. (1) Current pulses inject positive charges into the neuron culture / HEMT inter-
face by field effect above the AlGaN / top layer arrangement acting as a capacitance; (2) An additional
current might flow from the contact feeds through the AIOx isolation layer, the HEMT surface-
culture-interface and the through the culture medium to the other contact. In both cases, the source-
drain current pulse induces a recharging of this complex network and the differences between the

threshold currents can be explained mainly by different impedances of the neuron culture.
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Figure 6: Time dependence of the current amplitude of the constant voltage pulse for different wetting
of the HEMT surface. The oscillating spikes of the curve using neurons are caused by residual UV-

light of the excitation lamp for Ca-imaging.

To test this assumption, we analyzed the impedances of four different HEMTs within one culture. The
Bode plots in Fig. 7 show strong differences. The complex series capacitances and res stances meas-
ured for the HEMT numbers 1, 4, 7 and 9 (the numbers represent the location within the sensor shown
in figure 1) are 509 nF and 28.9Q, 627 nF and 29.5Q, 98nF and 71.2Q, and 367nF and 37.1Q, respec-
tively. The corresponding impedances at 1 kHz of these four HEMTs are dominated by the capacitive
parts and yield 314 Q, 255 Q, 5.32 kQ and 435 Q respectively. Assuming the AlGaN, GaN and isola-
tion layers to be the same for all HEMTSs the difference in impedances can only be explained by an
inhomogeneous wetting of the contact surface or different conductivity of neuronal processes covering
the electrode area. Since the growth of cell processes over the electrode area varies considerably be-
tween individual HEMTSs this variation is most likely the source of the observed impedance differ-

ences and thus for the different stimulation conditions in the HEM T-neuron-interface.
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Figure 7: Imaginary part of the complex impedance in dependence of the frequency (Bode plot) for 4
different HEMTs onto the wafer sensor for the same neuron culture. The calculated resistances and

capacitances assuming a parallel arrangement are shown.

4. Summary

An AlGaN/GaN wafer sensor containing 10 HEMTs concentrically arranged around the wafer centre
was used for electrical stimulation of in situ cultured neurons. Neurons grown on the HEMTs show a
spontaneously synchronized activity. A direct contact between the source-drain metal layer and the
culture medium is avoided by an AlOx isolation and a small stripe of bare gold contact area show no
detectable electrolytic reactions with the medium observed by cyclic voltametry. An unipolar voltage
pulse was applied at the source-drain contacts of the HEM Ts which in turn via the field effect induces
a current in the neuron culture on top and leads to neuron activity. During the pulse process capacit-
ances were recharged giving indications of the contribution of the AIGaN and isolation layers between
the 2DEG channel and the neuron culture. For different cultures there is a strong variation of the sti-
mulation threshold current caused by different impedances of each neuronal culture on the stimulating
HEMT under investigation. These different impedances can be explained by differences of the compo-

sition, the thickness and conductivity of the culture region.
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Unipolar source drain voltage pulses of GaN/AlGaN - High Electron Mobility Transistors
(HEMT) were used for stimulation of cultured neuronal networks obtained from embryonic rat
cerebral cortex. The HEMT sensor was grown by metal organic vapour phase epitaxy on 2
inch sapphire substrate consisting of 10 single HEMTs concentrically arranged around the wa-
fer center. Electrolytic reactions between the HEMT sensor surface and the culture medium
were not detected by using cyclic voltammetry.

During voltage pulses and resulting neuronal excitation, capacitances were recharged giving
indications of the contributions of the AlGaN and the AlOx isolation layers between the two
dimensional electron gas (2DEG) channel and the neuron culture. The resulting threshold cur-
rent for stimulation of neuron activity strongly depends on the culture and HEMT position on
the sensor surface under consideration which is caused by different impedances of each neuron
culture and position within the culture. The differences of culture impedances can be explained

by variations of composition, thickness, and conductivity of the culture areas.

1. Introduction



Neuronal cell cultures are a good model to investigate the development of neuronal networks under
experimentally defined conditions /1/. The stimulation and recording of neuron activity using planar
microelectrodes is very helpful for studying the signal transfer within and into such network /2/. Elec-
trode interfaces mostly used are the metal-multi electrode arrays (MEAS) on glass or silicon substrates
13/, 14/ and various types of Field-Effect-Transistors (FETs) on Silicon substrates /5/. Specially, MEA
systems allow the multi site stimulation and recording from neuronal networks /6/.

Another approach for a neuron-transistor-interface represents the electrolyte gated high electron mo-
bility transistor (HEMT) based on the AlGaN/GaN heterostructure /7/. Polarisation charges within the
AlGaN/GaN interface create a two dimensional electron gas which acts as a conductive path directed
paralel to the surface. Surface charges at the opened gate area control the conductivity of the two-
dimensiona e ectron gas (2DEG) measurable as a change in the source-drain-current /8/.

The group-I11 nitride materials exhibit some advantages as biosensors in neuronal networks. The ex-
cellent biocompatibility and the high chemical resistance alow the operation under biological and
chemically hazardous conditions in a long time regime. Furthermore, by using HEMT structures the
current can be gained by biasing the source-drain channel. These advantages are combined with the
chemical sensitivity of AlGaN/GaN devices. For instance, with HEMT structures pH-values and the
conductance of electrolytic solutions /7/ can be detected /9/, as well as gases like oxygen and carbon
dioxide by using functionalized surfaces /10/ or specific contents in biological cultures, such as pro-
teins, enzymes, and cells by using marker molecules /10/. Until now there are not many reports about
the use of HEMT structures as interface for the direct stimulation of neurona networks. In /11/ the
recording of cardiac myocyte cells of embryonic Wistar rats have been described and /12/ reports
about the identification of extracellular potentials of NG108-15 nerve cells by an AIGaN/GaN HEMT.
In both cases Ag/AQCI reference electrode was used within the neuron culture. But, an additiona ref-
erence electrode complicated the handling of the HEMT sensor during cultivation and measurements.
In our study neuronal networks were cultivated on an AlGaN/GaN- (HEMT) arrangement and were
stimulated by electrica pulses delivered through the HEMT. Only the source and drain contacts of the

HEMT structures were used for current stimulation.

2. Experimental Details

The HEMT structures are grown by metal organic vapour phase epitaxy on double polished 2 inch
sapphire substrates with the layer arrangement sapphire substrate / GaN buffer layer/ undoped
GaN/AlGaN/GaN top layer with an Al-content of 27 % in the AlGaN layer. The 2DEG shows a sheet
electron concentration of about 2*10™ cm? and a mobility of about 850 cm?V's. The source drain
electrodes distance is 20 um. The contacts consist of Au/Ti layers connecting the 2 DEG channel di-
rectly. The contact feed lengths are 20 mm and the contact pad areas are (0.8 *0.9) mm?. All contacts
and the contact feeds are isolated by a thin 35 nm AlOx layer (resistances in the range of GQ),

whereas the gate contact area (see G in figure 2A) is free from the isolation layer and thus in direct

2



contact with the cultivated nerve cells and the surrounding culture medium. All HEMTs show very
similar IV-characteristics with a saturation current at about 35 mA at 10V and a slope below 2 V be-
tween 5.5 mA/V and 5.8 mA/V.

The wafer sensor (prepared by MicroGan GmbH) contains 10 HEMT structures arranged around the
wafer centre with a distance of 10 mm between opposite HEMTs. For cell culturing the wafer is glued
into a petri dish and the petri dish is placed into a custom made holder containing solder posts (see
figure 1). The source-drain contact pads are connected to special base plates onto the sensor area by
gold wires and further towards the solder posts by copper wires.

Our HEMT structures show a high sensitivity to the pH-value for acid solutions (1.9 Ohm/pH). In
contrast, at frequencies higher than 1 kHz the impedance is independent of pH-values but correlates
well with the conductance of the sodium chloride and hydrochloride acid solutions as shown in (see
detailsin/9/).

We used cyclic voltammetry to test whether the AlOx insulating layer completely prevents contact
between the culture and the gold layer and to investigate the surface reactions of the open gate area of
the HEMT which includes also two small stripes of bare gold contacts (see areas C in figure 2A). All
measurements were made in a Pyrex electrochemical cell using potentiostat PGSTAT302 (Eco Che-
mie/Autolab, Netherlands); the interconnected source and drain contacts were used as the working
electrode. A platinum wire represents the counter electrode and a saturated calomel electrode (SCE)
the reference electrode. All potentials are applied versus the SCE.

For impedance measurements a precision LCR meter (HP 4284) in the frequency range between 20 Hz
and 1 MHz at zero bias and with an AC measurement voltage of 30 mV is used. The source- drain
current is measured with a source measure unit (Keithley 236) at a bias voltage of 0.1 V. For unipolar
pulse experiments the voltage of the Source Measure Unit is switched from +0.1V up to +2V and back
to +0.1 V with a pulse width of 100 ms and a pulserising time of 1 ms.

To grow nerve cdls directly on the HEMT sensors, a cultivation wall is formed by gluing a 20mm
acrylic glass ring over the central sensor area. To improve cell adhesion and long term neuronal sur-
vival the cultivation area is coated with Poly-D-Lysine and purified astrocytes are plated inside the
acrylic glass ring one week prior to the neuronal cells. After the glial cells are grown to confluence,
neurons dissociated from embryonic rat cerebral cortex are plated on top of the glia feeder layer in a
density of 800 cellsmm?. Neurona cells are cultivated for up to 3 weeks in DMEM medium in a
gassed incubator with 5% carbon dioxide content, humidity of 100% and atemperature of 37°C.
During the cultivation time neurons formed richly interconnected, eectrically active networks. The
spontaneous neuronal activity and their response to electric stimulation were accessed by opticaly
recording the changes in the intracellular calcium concentration with the calcium sensitive dye Fluo-
3AM./U.

3. Results and Discussion



To test for biocompatibility neurons were plated and cultivated on the sensor surface and the devel-
opment of spontaneous network activity was recorded by calcium imaging (figure 2). Neurons grew
uniformly on the entire wafer surface including the contact zones, the region between the source drain
and on the contact feeds (see areas C in figure 2A). We have qualitatively inspected the cell growth of
al HEMTs on the wafer sensor and found no apparent preferences in the cellular distribution. Neurons
showed spontaneous changes in their intracellular calcium concentration (figure 2B-D), corresponding
to the firing of action potential bursts/1/.

As can be seenin figure 2A, the open gate consists of the region between the source and drain contacts
and two small stripes of the gold contacts (within the white frame) which are in direct contact with the
cell processes and the culture medium. To rule out any electrolytic effects, we investigated the inter-
face reactions between the culture medium and sensor by cyclic voltammetry. In figure 3 cyclic volt-
ammograms (CV) of the HEMT structure are shown, in two different electrolytes, the artificia cere-
brospinal fluid (aCSF) solution and the 0.1 M KH,PO, (PO) solution, which have been used as me-
dium cultures for neuron and yeast cells, respectively. For comparison, in figure 3 a CV of bare gold
layers in finger contact arrangement (see also /13/) in contact with the PO culture mediums is also
shown. The latter curve is characterized by appearance of a very well expressed oxidation peak and a
strong reduction peak at about 0.48 V. These features are very similar to the anodic and cathodic peaks
found in /14/ for flat gold films describing the oxidation and reduction of the gold electrode. In con-
trast, the CVs of HEMT in contact with both culture media do not show any significant faradaic proc-
esses in the investigated potentia range. In the case of HEMT surface the capacitive behaviour domi-
nates. This behaviour can be attributed to capacitive influence of the AlOx layer exposed to the inves-
tigated medium cultures /15/. In addition, the 2DEG induces positive charges to the HEMT surface
wetted by the culture medium via field effect. In this case, it can be assumed that an electrical double
layer is formed at the surface of the highly resistive AlGaN layer, which acts as an additional capaci-
tance and contributes to the overall voltammetric response of the HEMT /16/. In conclusion, electro-
lytic reactions between the HEMT sensor surface and the culture medium are insignificant and do not
contribute to the stimulation process of the neuron network.

For the stimulation of neurons with current pulses the source-drain voltage was enhanced from 0.1 V
to a defined higher voltage with a pulse width of 100 ms and a pulse rate of rise of 1 ms after 28 s of
the beginning of the measurements followed by a jump back to 0.1 V. The time dependence of the
source-drain current was recorded together with the Fluo3 Ca?*-fluorescence signal of five neurons
around the electrodes (see figure 2). In figure 4 the Ca®*-fluorescence signals and the source-drain
current pulses are drawn for three different stimulation intensities. All neurons showed spontaneous
and synchronized activity (Ca®*-fluorescence intensity peaks). For low current pulses (< 6 mA, figure
4A) the neurons did not respond. Above a current of 7.5 mA (figure 4 B and C) fluorescence peaks

are induced directly after the pulses verifying an electrical stimulation of the neurons.



The voltage-current characteristics of stimulation pulses are plotted in figure 5 for two nominally
equal neurona cultures prepared under the same conditions and, as reference, for a dish with a-CSF
medium only. Additionally, the IV -characteristic of the HEMT with a surface exposed to air is plotted
as full line. All IV-characteristics are strongly linear proportional representing the resistance of the
2DEG channd in the range of about 180 Q as the dominating part of the equivalent circuit. In both
used neuronal cultures the variations of the voltage/current pulse amplitudes yield a threshold current
determined as the minimal current at which the pulse stimulates the depolarization of the neurons.
Nevertheless, there is a difference between the threshold currents for neuron stimulation of the two
cultures (1 and 2) demonstrating that the voltage pulse introduces different charge values into the cul-
ture medium, while the resistance remains nearly constant.

To explain this discrepancy, we recorded the shapes of the pulses with dry electrodes, aCSF solution
and the neuron culture with the dye (figure 6). In air the current transients reproduce only the voltage
pulse that is characteristic for Ohmic resistances. By using any solutions on the HEMT surface, after
pulsing the current transient initially drops below the pre-pulse values and then returns to base line
values. This behavior is characteristic for recharging of capacitances. There are two possible origins
for the capacitances: (1) Current pulses inject positive charges into the neuron culture / HEMT inter-
face by field effect above the AlGaN / top layer arrangement acting as a capacitance; (2) An additional
current might flow from the contact feeds through the AIOx isolation layer, the HEMT surface-
culture-interface and the through the culture medium to the other contact. In both cases, the source-
drain current pulse induces a recharging of this complex network and the differences between the
threshold currents can be explained mainly by different impedances of the neuron culture.

To test this assumption, we analyzed the impedances of four different HEMTs within one culture. The
Bode plotsin Fig. 7 show strong differences. The complex series capacitances and resi stances meas-
ured for the HEMT numbers 1, 4, 7 and 9 (the numbers represent the location within the sensor shown
in figure 1) are 509 nF and 28.9Q, 627 nF and 29.5Q, 98nF and 71.2Q, and 367nF and 37.1Q, respec-
tively. The corresponding impedances at 1 kHz of these four HEM Ts are dominated by the capacitive
parts and yield 314 Q, 255 Q, 5.32 kQ and 435 Q respectively. Assuming the AlGaN, GaN and isola-
tion layers to be the same for all HEMTSs the difference in impedances can only be explained by an
inhomogeneous wetting of the contact surface or different conductivity of neuronal processes covering
the electrode area. Since the growth of cell processes over the electrode area varies considerably be-
tween individual HEMTSs this variation is most likely the source of the observed impedance differ-

ences and thus for the different stimulation conditions in the HEM T-neuron-interface.

4. Summary
An AlGaN/GaN wafer sensor containing 10 HEMTs concentrically arranged around the wafer centre

was used for electrical stimulation of in situ cultured neurons. Neurons grown on the HEMTs show a



spontaneously synchronized activity. A direct contact between the source-drain metal layer and the
culture medium is avoided by an AlOx isolation and a small stripe of bare gold contact area show no
detectable electrolytic reactions with the medium observed by cyclic voltametry. An unipolar voltage
pulse was applied at the source-drain contacts of the HEM Ts which in turn via the field effect induces
a current in the neuron culture on top and leads to neuron activity. During the pulse process capacit-
ances were recharged giving indications of the contribution of the AIGaN and isolation layers between
the 2DEG channel and the neuron culture. For different cultures there is a strong variation of the sti-
mulation threshold current caused by different impedances of each neuronal culture on the stimulating
HEMT under investigation. These different impedances can be explained by differences of the compo-

sition, the thickness and conductivity of the culture region.
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Figure captions

Figure 1: Picture (left) and scheme (right) of the wafer sensor contains 10 HEMT structures on a two
inch sapphire wafer. The wafer sensor is glued in a petri disc and into a holder involving the solder
posts.

Figure 2: (A) Neurons grown on a HEMT structure. The source (S) and drain (D) contacts as well as
the contacts feeds can be seen. The white frame represents the open gate area (G) and the bare gold
regions (C). (B — D) Calcium imaging of spontaneous network activity of the field shown in (A): 2s
before (B) during (C) and 2s after (D) a synchronous depolarization in five neurons. The spontaneous
depolarization of the neurons shows that they are viable and electric active.

Figure 3: Cyclic voltammogram of the HEMT sensor in aCSF solution and in phosphate culture me-
dium (PO) at 100 mV/s and the source as well as the drain contacts as the working electrode (A). Cy-
clic voltammogram of a bare gold finger as the working electrode in contact with the phosphate cul-
ture medium measured under the same conditions (B).

Figure 4: Time dependence of the Ca?"-fluorescence intensity for 5 different single neurons and the
corresponding time dependences of the current pulse at constant voltage which was applied after 28 s.
The excitation conditions were varied by the voltage pulse amplitude: A - 1V pulse (6 mA); B - 1.5V
pulse (7.5 mA) and C- 2V pulse (10 mA).

Figure 5: Current amplitude versus constant voltage pulse of two neuron cultures, an aCSF culture
medium and aHEMT in air. The IV -characteristic shows a straight forward line but the threshold cur-
rent amplitude for the excitation of the neurons differs strongly between both cultures.

Figure 6: Time dependence of the current amplitude of the constant voltage pulse for different wetting
of the HEMT surface. The oscillating spikes of the curve using neurons are caused by residual UV-
light of the excitation lamp for Ca-imaging.

Figure 7: Imaginary part of the complex impedance in dependence of the frequency (Bode plot) for 4
different HEMTs onto the wafer sensor for the same neuron culture. The calculated resistances and

capacitances assuming a parallel arrangement are shown.
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