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Theoretical study of electrolyte gate AlGaN/GaN field effect transistors
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We predict the sensitivity of solution gate AIGaN/GaN field effect transistopgHwalues of the
electrolyte and to charged adsorbates at the semiconductor—electrolyte interface. Invoking the
site-binding model for the chemical reactions at the oxidic semiconductor—electrolyte interface and
taking into account the large polarization fields within the nitride heterostructure, the spatial charge
and potential distribution have been calculated self-consistently both in the semiconductor and the
electrolyte. In addition, the source—drain current is calculated and its sensitivity to the electrolyte’s
pH value is studied systematically. Comparison with experiment shows good agreement. A
significantly enhanced resolution is predicted for AlIGaN/GaN structures of N-face polar290®
American Institute of Physic§DOI: 10.1063/1.1847730

I. INTRODUCTION heterostructures to act as efficient biosensors provided the
2DEG lies close to the oxide as is the case for N-face het-
Since the realization of an ion sensitive Si field effecterostructures.
transistor by Bergveltljj3 the concept of detecting salt con- In Sec. Il, we briefly summarize the basic equations,
centrations and charged biomolecules such as Poly-L-Lysiguch as the site-binding model and the Poisson—-Boltzmann
or DNA*® by semiconductor devices has stimulated a rapidlyequation, that characterize the electrolyte, the chemistry of
growing field of semiconductor-based ion sensors. Manyhe amphoteric surface, and the charge and potential distri-
Semiconductor materia's and device structures have beéﬂ,ltion Wlthlﬂ the Semiconductor heterostructure. In addition,
tested for their suitability as ion sensors. While one obtaindhe relevant material parameters are discussed and deter-
the highest mobilities and optimal device characteristics witHhined by comparison with experiment. In Sec. Ill, we pre-
GaAs-based sensdt€ the toxicity of As severely hampers dict the pH sensor characteristics for Ga-fa@ec. [ A) .
its physiological application. A highly promising material and N—facg(Sec. I B) heterostructures,. respectively. A brief
system that does not contain As or P is provided by a nitriggUmmary in Sec. IV concludes the article.
semiconductor system such as,@&,_,N. These materials Il. THEORY
possess a chemically inert oxide surface, they are optically
transparent, and extremely sensitive to changes of the surface We consider a GaN heterostructure exposed to an elec-
charge or surface potential due to their high piezoelectricityrolyte and wish to predict the change in carrier density and
and pyroelectricity that implies very large built-in electric electric gurrent Within the semico.n'ductorthat is induced by a
fields? Indeed, nitride heterostructures have been shown t§hange in the chemical composition of the electrolyte. Spe-
be competitive gas and ion detectdfd? Recently, nitride C|f|cr_:llly, the GaN heterost_ructure acts as a sensor via the
devices in contact with an electrolyte have been d(:)I,non§em|condL_Jctor—electrolyte interface potential that reflects the
strated to act as excellepH sensors. For those structures, adsorbed interface charges, i value, and the spatial de-

the reason for the dependence of the current opkhealue pendence of the electric potential in the solution.

Is not wgll undprstood. . L A. Model of electrolyte and amphoteric surface
In this article, we present a series of predictions and

systematic theoretical studies of AlGaN/GaN-based ion sen- In this section, we set up the theoretical model for the

sors in aqueous solutions. We consider an electrolyte on toplectrolyte and the interface reactions that we take into ac-
of a Ga oxide and calculate the effect ofjitd value and the count. We assume the GaN semiconductor to be covered by a

adsorbed surface charges on the potential, charge, and ciftin layer of nonstoichiometric, amorphous,©&g that forms

rent distribution inside a AlGaN/GaN hetero-field-effect the |_nterface to the so!utlon. We assume that a voltages
transistor. We calculate the two-dimensional electron ga pplied across the entire semiconductor and electrolyte struc-

(2DEG) density and the current parallel to the interface as Jure. The oxide/electrolyte interface potential z_ind interface
function of th of harge density that ari from ch micharge are denoted BY,, and oagsomeqd respectively. The
unctio 9 € surtace cha Qe ensity tha g SEs 1Tom CheMi, oy may be positive or negative, since the oxide surface
cal reactions at the Ga oxide layer that is exposed to th

. ) ‘ ; Sites adsorb or desorb*Hons, depending on the ionic con-
electrolyte. We find the screening of this charge density bYent of the solution. In this entire discussion, we assume
the electrolyte solution to be crucial for the understanding Oﬁaterally homogeneous charge distributions so that the spatial
the sensitivity on thepH value. We predict AIGaN/GaN gependencies of charges and electric potentials are effec-
tively one-dimensional. Consequently, the charge distribu-
@Electronic mail: vogl@wsi.tum.de tion at any point within the electrolyte solution that may
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containN types of ions is governed by the potentia(z) that

is determined by the Poisson—-Boltzmann equatfon, Oadsorbed

2 c;polarlzatlon 0b°“"d‘fy

d
erso V(2 =p(2), ()

N R _
p(2)=-eXzn exn{— W : 2

(o}
polarization
107 choundary

where z is the ion valencye is the positive elementary
chargen; ; is the concentration of ion specigsande; is the
rel_atlve dielectric constgr_n of the eptlre SOI_Vent' We use SlZIG. 1. Schematic layout of the calculated heterostructure including the
units except where specified otherwise &gl is the thermal  interface charge densities. Their magnitudes, in units 8f afen?, are
energy at temperaturgé. indicated by closed symbols and the axis to the left.

In order to determiner,gsormed WE €mploy the so-called

site-binding model for amphoteric oxide surfa&éé..This. _ions and(ii) singly charged anions with a fixed concentration
model characterizes the surface reactions by two dissociatiogt 100 mM that represent dissolved Nadli) a Hepes so-

-c [10® elem?] o [10" e/lem?]

constant; andK; that reflect the following reactions: lution consisting of doubly charged cations with a concentra-
SOH; = SOH + H', (3) tion of 10 mM plus 20 mM singly charged anions to guaran-
tee electrical neutrality. Any change of thgH value is
SOH— SO + H". (4) compensated by a corresponding increase in the concentra-

tion of singly charged anions. Since we consider a symmetric
Here, S denotes an oxide molecular s{8aO, in the  monovalent salt and a high concentration of asymmetric di-
present cagewith the bonded hydroxyl group OH. These valent Hepes, a closed-form solution of the Poisson-
two types of reactions lead to an amphoteric behavior. WheBoltzmann equation in the electrolyte region is not possible.
a proton gets attached to the hydroxyl group, the site getslowever, the numerical effort required to solve this equation
positively charged. A dissociation, on the other hand, createis negligible.
a negatively charged site. The net surface charge density is

given by
B. Model of GaN heterostructure

o = e(v -V , 5 )
agsorved™ &Vsorg ~ Vsor) ®) The potential at the surface exposed to the electrolyte

WhereVSOH; andvgg are the charge densities of the positive sets the boundary value for the potential distribution and the

and negative sites, respectively. The total number of surfacEeSulting spatial dependence of the band edge within the
groups per unit area is then given b=vson* vso semiconductor device. As mentioned before, variations of the

| chemical features of the electrolyte, i.e., {té¢ value or the
ionic composition, lead to detectable changes Qfpe2nd
W, The relevant part in the semiconductor is the 2DEG that
responds sensitively to slight changes in the spatial variation
_ VsoH e(Vox = Ug) of the conduction band edge.
Ki= exp{— —cpH] (6) . o
VSOH, kg T We consider a.mtru.je hetero§tructur(_a, grown along the
hexagonal[000]] direction, that is of either Ga-face or
Vo oW, —Ug) N-face polgrity. In this _section, we _focus on 'Fhe .Ga—face
K,= exp[— ox “G/_ CpH:| , (7) structure with a schematic cross section shown in Fig. 1. The
VsoH keT structure consists of a 5-nm-thick oxide on top of a 3 nm

with K, referring to Eq.(3) and K, to Eq. (4), and cyy strain-relaxed GaN layer, followed by 35nm of an

=pH In 10. We note that theH value equals the negative Alo.2€5&.72N barrier, grown on top of a 1.pm strain re-
decadic logarithm of the Hconcentration, divided by,  laxed GaN layer. The latter is assumed to be6 honwsogeneously
i.e., by mole per liter. By combining expressions Eqs_doped with a carrier concentration of=10" cm3. This

(5)«7), we finally obtain the net surface charge at the am-Structure is afa_irly typical design for GaN-based sensors that
photeric oxide—electrolyte interface as have been fabricated by several grotih¥ The most signifi-

cant features of AlGaN/GaN heterostructures are the huge

exp(= Yo = Con) — K1K explyo = Cpon) spontaneous and piezoelectric polarization fields. Both types

Ky +exp— Yo = Con) + KKy explyg—con) ' Of polarizations are included in our present calculations. The

®) divergence of the total polarization across the interface be-

tween adjacent layers is equivalent to a fixed interfacial sheet

where we have introduced the abbreviatigg=e(V¥,,  charge density. There is a positive polarization charge at the

—Ug)/kgT. left AlIGaN/GaN interface near the 2DEG in Fig. 1 with a

For the present application, we have taken into acountheoretical value 0&rarizatior= 1-37X% 103 cm? that is com-
three different types of ions, namei) singly charged cat- pensated at the right AIGaN/GaN interfd€e’ The result-

+vso, Wherevggy denotes the density of electrically neutral
sites. As shown in Healgt al.,” the resulting dissociation
constantK; andK, are given by

T adsorbed™ €15
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ing polarization fields lead to a 2DEG in GaN that forms
near the left interface. As we will show in Sec. Ill, the inte-
grated sheet electron density,peg is of the order of
10" cm 2. Unfortunately, only little information is available
about the polarization charge at the GaN/oxide interface. It is
known experimentally that no parasiticor p channels form
within the GaN layer between the barrier and the oxide ]
layer* for the range 0Ofogsomeqthat are considered in this 61012
article. This is consistent with a positive interface charge of pH value

Opoundary™ 2.2X 10*3 cm™2 at the GaN/oxide interface and a
FIG. 2. Calculated oxide/electrolyte interface potential as a functigoHof

compensating value at the nucleation lagsee Fig. ] We for an amphoteric oxide surface at zero gate voltage. The solid line depicts
note that the detailed value has only a small influence on thge result fork,=10, K,=10"¢ and yields a sensitivity of 55.9 m\¢H.

ion sensitivity of the device. By contrast, we need to takeAlso shown are the calculated results for=107°, K,=10"1° (dashed ling

into account the following additional charge that is essentiafndK;=10", K,=10 (dotted ling. The experimental data are from Stein-
for the sensitivity. Experiments on the oxide growth on GaN"" €t al- (see Ref. 1i

have indicated voids in the oxide surfa€eTherefore some o ]

of the adsorbed ions at the oxide surface can reach the inn&r Determination of material parameters

oxide interface by the incomplete texture of the oxide layer. | order to perform quantitative calculations of the entire
We have taken into account this charge transfer by assumingjtride/electrolyte system, we need to know the dissociation
that there is an additional Charger*'-at both sides of the constants of the Ci@ surface and the dens“y of surface
oxide interface that amounts to some fixed percentage of th§itesng, Recent expenmerﬁsndlcate that the thermal oxide
oxide/electrolyte interface chargegsomes We Will see in - Ga 0, on top of GaN in aqueous solution behaves similarly
Sec. Il A that the assumption @f*/ agsomed 0.02 is con- o AI203 Hence, we have used the value ug 8
sistent with recent eXpe”merh% F|gure 1 summarizes the X 1014 2 for Al 203 as a Starung p0|nt for Q@ We
structure and the position of all fixed interface charges dishave takemg as an adjustable parameter to reproduce the
cussed earlier in this article. experimentally determined change in the surface potential
Based on these device geometries, doping densitiesy with the pH value of the solutio? The results of our
fixed interface charges, temperature, and Fermi-Dirac statiga|culations are compared to experintéim Fig. 2. We note
tics, we have solved the one-dimensional nonlinear Poissofhat the experimental data only determined the slop® gf
equation for the heterostructure self-consistently. The elegyith the pH value, but left the absolute value undetermined.

tron and hole distributionn(z) and p(2), respectively, are  The best agreement between theory and experiment is
calculated in terms of a single parabolic band model for elecachieved by assumings=9x 10 cm™2, K,=108, andK,

trons and three parabolic valence bands for holes. The elee-1076 (solid line in Fig. 2 which leads to a surface sensitiv-

Yox [V]

tron and hole density can be written as ity of AW,,/ApH=55.9 mV/pH. These parameters repro-
duce the constant slope &V, /ApH over the entirepH
range. By contrast, dissociation constants that differ signifi-
n(z) = 2( ZWkBTm“) F, /2{ ~Exi(@ +e¥(2) + EF] , cantly from these values lead to surface potentials that satu-
h? kgT rate either for low or for higlpH values. We have repeated

(9) the calculations for other values Kf andK, as specified in
Fig. 2 to illustrate the dependence ¥t on these values.

p(2) = 22<M‘&> 2,:1/2[ Evoi(2) —e¥(2) -

lll. RESULTS
h? kgT ]’

A. Ga-face polarity

(10) In all of the following calculations, we use the material
parameters as discussed in the previous section. We can now
predict the 2DEG sheet density of the GaN heterostructure

whereEc(2) is the conduction band enerdy,;(z) are the  with Ga-face polarity as a function of the semiconductor/
valence band energie§r is the Fermi energyh is the electrolyte interface charge densityysormeqd Which in turn is
Planck constantf,J[ z] is the Fermi integral of order 1/2, controlled by thepH value and the gate voltagés. The

m, is the effective mass for the conduction band is latter has been set to zero unless stated otherwise.

the effective mass for valence band numb&t The values The effect of an applied voltadég on the global poten-

for the conduction and valence band energies, the band offtal distribution along the entire structure has been calculated
sets of GaN and AlGaN, as well as the strain-induced splitby solving the Poisson—-Boltzmann equation with the follow-
ting and shift of the conduction and valence bands have beeing boundary conditions. We have used a generalized von
taken from Vurgaftmaret al!’ The nonlinear Poisson equa- Neumann boundary condition at the left contact of the GaN
tion has been solved on a finite-difference grid by thesubstrate with a potential gradient that corresponds to the
Newton—Raphson method; the grid size has been taken to Ipwlarization charge ey,ongarythat was detailed in Sec. 11 B.
0.1 nm. At the boundary of the electrolyte region to the far right in
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. 3 surface charge densit¥,gsommed The SENSItivity ONoagsormediS Shown for
Position [10” nm] 0* | 0 agsormed 0% (dotted ling, i.e., no additional sheet charge density at the

GaN/oxide interface,o* / oagsommed 1% (dashed ling and o*/ oagsorbed
FIG. 3. Spatial potential distribution for the entire Ga-face structure with an=29% (solid line).

electrolyte ofpH=5.3. Depicted are the casek;=0.5 V (solid line) and
Ug=-0.5V (dotted ling, respectively. The inset shows a blow-up of the ) )
potential near the position of the 2DEG. structure with a gate length of 14m, employing the nan-

odevice simulation to8? NEXTNANO®. First, we have calcu-

Fig. 1, we have used a von Neumann boundary conditiofated the electronic band edge energy and electron density of
with zero potential gradient. We have assumed the referend8€ system along the axis (i.e., perpendicular to the chan-
potentialUg that enters Eqg1) and(2) to be determined by nel) self-consistently. In the next step, we have considered a
the electrode in the electrolyte solution and to be constant ifwo-dimensional HEMT structure with the same sequence of
the entire electrolyte region. The resulting solutions of theldyers and charge distribution as shown in Fig. 1, with a
Poisson—Boltzmann equation are depicted in Fig. 3 for théource—drain distance of 2m. The voltageUsp has been
cases ofUg=-0.5 and 0.5 V. Particularly the inset of this applied across the Ohmic source and drain contacts. Figure 6

figure illustrates the effect of an externally applied bias onShowslsp as a function of thepH value at a source—drain
the potential near the 2DEG. voltage of 0.5 mV for different fractions 0&*/ oaqsomed

In Fig. 4, we show the results of our calculation of where the source—drain current has been normalized to its
Tadsorbed®S @ function of theH value. As one can see, there Va'fie Ispo at pH=7. The experimental data of Steinhef
iS a range O'pH Va'ues Where the net Surface Charge density’il. for a HEMT structure with the same Iength ratios show
iS C|Ose to zero. Neverthe'ese—zDEG does Change in th|s the same qualitative behavior of the current and are consis-
region because it also depends on the surface potelgial tent with the assumed ratio of interface charges

The present model yields a surprisingly strong depen?™/ Tadsorbed2%. The data are included in Fig. 6. In the
dence of the 2DEG density on the net surface charge densif@llowing we always used the configuration where has
T adsorbed ThEse results are illustrated in Fig. 5. Importantly, Peen taken to be 2% @f,gsormed AS ONE can see from Fig. 6
we find that the variation of the 2DEG density Withsomeg  that the current in the semiconductor heterostructure is sig-
depends very strongly on the magnitudeodt For o*=0 nificantly more responsive to variations in tpél value of
(dotted ling the relative change of the 2DEG density is no- the electrolyte once™ is taken to be present. The reason is
ticeably smaller than for the case ®f / oagsomes0.01(solid  that the charge layerof is spatially more separated from
line) and o* / oagsomed 0.02 (dashed ling As explained in  the electrolyte(see Fig. } and therefore gets much less effi-
Sec. I B, the physical origin of* arises from either diffu- ciently screened by the ions in the aqueous solution than
sion of charges through the oxide or an incomplete texture ofadsorbed BY decreasing the oxide width, we therefore find a
the oxide!® We now show that it is highly plausible to as- smaller variation in the current with thgH value in accor-
sume that the Charge densw at the GaN/oxide interface dance with the better Screening of. Slmllarly, this varia-
has a value o™/ gagsomed 0.02. This assumption can be

justified by calculating the current parallel to the interface. 1.15
We have carried out the calculation of the drain curigpgs T 1100
a function of the source—drain—voltadésy for a HEMT @ 1.05[
(=]
8 9; 1.00}
. = 095}
§ o i 3
3 0 ] = 0.90|
2, 20 oesl . . . . .
2 0 2 4 6 8 10 12
-+ H value
£-20 P
o
-§'4° 1 FIG. 6. Calculated dependence of the source-drain cuiggnon the pH
©" 60 3 value for different magnitudes of the GaN/oxide interface charge demsity
2 4 6 8 10 12 Isp has been normalized to the source-drain currergHst 7 which is la-
pH value beled lspo. Shown are the casesr*/ ougsormed0% (dotted ling,

0* [ 0agsomed 1% (dashed ling and o*/ oagsormed 2% (solid ling). The
FIG. 4. Calculated variation of the oxide/electrolyte interface charge densitysource—drain voltagelgq was taken to be 0.5 mV in all cases. The experi-
of the amphoteric surface with thgH value. mental data are from Steinhaodt al. (see Ref. 14
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FIG. 7. 2DEG density as a function of the applied gate voltdgethat is

determined by the electrode in the electrolyte solution. FIG. 9. Prediction of the variation of the 2DEG density with the oxide/
electrolyte interface charge densitygsomes FOr @an Al content of 20%
(dashed lingit is possible to close the conducting channel. The solid line

tion is reduced by decreasing the magnituderbdfi.e., the shows the case for an Al content of 28%.

fraction of ogsorbed @S Shown in Fig. 6. We find these two

effects to be approximately additive. . _ S :
bp y active region. For this situation, the layout, conduction band

For Al contents lower than 28% in the AlGaN layer, the daeE del densi denicted in Fia. 8
density of the electrons in the 2DEG is decreased due to thgd9e c(2), an gectron ensm_ye,(_z)_ are depicted in 'g. S
Our calculations show a significant enhancement in the

smaller polarization charge densi ization Whereas the
changespofTZDEG induced %y thepH t?/{);llanéartg%ain the same, Variation of the 2DEG density as a function of thil value
In Fig. 7, we depict the calculated 2DEG density as awhich is clearly seen in Fig. 9. The variation of the channel

function of the applied gate voltage where bt¢ value has densityo;pec as a function Ofcr?‘dsmbeds more than doubled
been set topH=5.3. The results show that the change Ofcompared to the Ga-face device.

oopeg With gate voltageUg resembles the change that is | As vlve pomted outin ﬁec. I A aIfowerAI cofnt(:]nt '(;‘ the
induced by changing theH value. AlGaN layer improves the sensing features of the device.

Indeed, when the Al fraction is reduced to 20%, the polar-

ization charge opgyngary Changes from -2.2to -1.7

X 10" cmi 2. Since this leads to an almost vanishing value of
In this section, we provide predictions on the sensitivity o»peg for pH values close to 12, the relative changeripeg

of nitride sensors that employ GaN heterostructures ofncreases and the realization of a sensor with a closed chan-

N-face polarity. We note, however, that the chemical instanel at highpH values is possible.

bility and the poorly controlled growth conditions of N-face

GaN layers has hampered the successful realization af/, SUMMARY

N-face AlGaN/GaN ion sensors so far. However, their prom- ) .

ising advantages motivate the subsequent theoretical studies. A model has been presented that explains the sensitivity

Since the conducting channel lies at the upper AIGaN/GaI\?]c ﬁ%thetﬁrostruclturesfto su:face lcharge;]s thatdmlaz behcon—
interface in this case, the carriers lie closer to the surfacérO ed by thepH value of an electrolyte. The model for the

charge laye,geomeon the oxidelelectrolyte interface. Con- electrolyte at an amphoteric surface is based on the solution
sequently, the response afpe to changes in theH value of the Poisson-Boltzmann equation for the potential and the
as well as the applied bias is larger and provides a morgite-pinding model for th_e explanation of the surfa(_:e c_harge
efficient control of the device. We consider a structure withOIenSIty on the amphoteric oxide. The 2DEG formation in the

an increased thickness of the upper GaN layer of 15 nm ThgaN heterostructure has been attributed to the large polariza-

1500 nm GaN buffer layer has beardoped with a concen- tion fields. We have used experimental results to determine
tration of 5x 1018 cni23 to avoid the formation of a 2DHG at  Values for the dissociation constants and the concentration of

the lower AIGaN/GaN interface. The gate voltage has sites on the oxide. The introduction ofpil dependent sheet

been set to 1.2 V in order to avoid a parasitic channel in th(gharge at the GaN/Oxide interface explains the high sensitiv-
ity of the system on th@H value.

It has been further shown that N-face polarity of the

B. Predictions for N-face polarity

~ i:: ,_, 60 “"E G_e_lN heterostr_qcture will impro_ve the sensing features sig-
CA i 4 2 nificantly. Additionally, the efficiency of the sensor can be
w" 1.0 ? 20 2 enhanced by increasing the oxide thickness as well as de-
|:.|° g';’ VA 0 53 creasing the Al mole fraction in the AlGaN layer. Also, the
05 20 area exposed to the electrolyte should be as large as possible

1500 1520 1540 relative to the total surface of the device.

z [nm]
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