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Biased above threshold (Vr), pulsed photocurrent (1) measurements on windowed silicon Pd gate MOS
capacitors are shifted (AV) negatively by H,/N,, whereas Au gates shift positively under NO,/air. Below
Vr, the shifts are reversed by adjustments of interface state population. Minor temperature increases may
coax the device from inversion to depletion, inducing sign reversal of the chemical response.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Chemically sensitive field effect devices (CSFED) were pioneered
by hydrogen sensitive palladium gate MOS capacitors [1], in which
catalytically dissociated H* diffuses readily to accumulate at the
Pd/SiO, interface, inducing negative shifts of the C-V character-
istic. Subsequent evidence of opposite positive C-V shifts in gold
gates, in response to NO, [2] stimuli, demonstrated that the singu-
lar catalytic and diffusive properties of H, on Pd are not requisite
for chemical sensitivity.

Since direct access to the dielectric surface may enhance [3]
response to non-hydrogenated species, discontinuous gates were
investigated [4] with limited success, consistently with prior
reports on porous gate applications [5-7], due to poor stabil-
ity at the required operating temperature [8,9]. Thick film gold
gates intended to remove this deficiency revealed sign reversals
of response [10], which could be subsequently attributed to polar-
ization dependence [11]. Device polarization is in turn strongly
influenced by operating temperature, which motivates this inves-
tigation by pulsed illumination techniques.

The photocurrent (u) induced by pulsed illumination of a MOS
capacitor with a transparent gate affords ready monitoring of its
state of charge [12], because the resulting modulation of the semi-
conductor surface potential (1/s) induces changes in carrier density
manifest in a displacement current across a load resistor (R ), which
can be monitored by phase sensitive techniques.

Optically induced electron-hole pairs, yield electron minority
carriers in p-type silicon, which can recombine, either in interface
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states or in the bulk, or be collected at the surface potential. The

solution for the appropriate equivalent circuit, with parallel dielec-

tric (Cp), semiconductor (Cp) and surface state (Css) capacitances,

splits the flux dependent current (ig) into three components, due

to surface (isr) and bulk (iy,) recombination, as well as the dis-

placement current (ig). The resulting signal (u) can be described
R.Coxo

by
<> 1
(Cp+Co) (s + P2e-a( Fi ﬁ W

where ¢ is the light flux, xo the width of the inversion channel below
the dielectric, s the recombination rate, and D, and Ly, the diffusion
constant and length respectively.

Open windows in active gates can provide stronger photocur-
rent signals, as well as analyte access to the dielectric, because the
inversion layer, which extends beyond the edge of the gate window
[13], can be optically stimulated free of gate absorption (cf. Fig. 1).

u=RGCAYs =

2. Experimental

MOS capacitors were fabricated with 4-40 2 cm p-type (1 00) Si
wafers thermally oxidized to 132 nm, with 1-pm Al/Si/Cu counter-
electrodes. Sensitive Pd or Au gates were D.C. magnetron sputtered
through physical masks on the SiO,, in an annular configuration,
with a 2.5mm outer diameter and a 1 mm inner window, for
a nominal unit surface capacitance Cy of 2.6 x 1074 F/m2. With
R; =10KkS2, this geometry optimized signal strength in the weak
inversion regime of interest. Nominal acceptor concentration was
Ny=2x1021m3,

A 3.5mW, 635 nm synchronous diode laser, for supraband exci-
tation, pulsed at 1kHz provided photoexcitation, collimated in a
beam of 0.2 mm diameter, through the optical window of an air tight
chamber supported on a micrometric x-y table, which enclosed
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Fig. 1. Schematic cross section of a MOS capacitor illuminated through a window
in the gate. The inversion layer, which extends beyond the window edge, yields a
strong photocurrent signal (u).

the devices mounted on hybrid alumina substrates, fitted with
nichrome heaters and Platinel II thermocouples, to allow opera-
tion above 140°C, to avoid adsorption site saturation [1]. Steady
state operation provided thermal stability within+1°C, after 3 h,
when measurements were started. A total 100 cm?/min gas flow
was secured with independent MKS 1259 mass flow controllers,
from N;, O, and certified N,/1000 ppm H; or N,/1000 ppm NO,
analytical mixtures. The displacement current was converted to
voltage with an “ad hoc” compensated preamplifier, which was
measured by a Signal Recovery DSP 7265 lock-in amplifier. Au sig-
nals were converted to AV by calibration, rather than by the use of
feedback to maintain u unchanged, because constant bias voltage
was required.

3. Results

For a Pd capacitor in pure N,, the bias dependence of the
photocurrent intersects the data under 100 ppm H, in N, at the
threshold voltage (Vr), for 147 °C (cf. Fig. 2a).

Below V7, positive charges chemically induced on the Pd-SiO,
interface add to polarization charges. This positive charge excess
is compensated, at the SiO,-semiconductor interface, by negative
charges associated with diminished interface state population of
either donor or acceptor character. Above Vr, positively charged
gates enhance inversion. The temporal dependence of chemical
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Fig. 2. (a) Photocurrent (u) vs. bias voltage of a Pd gate capacitor in N, (full line,
circles) and 100 ppm H, in N, (dashed, triangles), at 147 °C (full symbols) and 155°C
(open symbols). (b) Temporal dependence to H, exposure biased at 2.0V at 147°C
and 155°C.
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Fig. 3. (a) Photocurrent (u) vs. bias voltage of a Au gate capacitor in synthetic air
(dashed, triangles) and 100 ppm NO; in air (full line, circles), at 147 °C (full symbols)
and 167 °C (open symbols). (b) Temporal dependence to NO, exposure biased at 3.5V
at 147°Cand 3.3V at 167 °C.

response to 50 and 100 ppm Hj; in N, stimuli, surveyed under 2V
bias, (Fig. 2b) shifts negatively because V5> V1.

At 155°C, under identical 2V bias, (cf. Fig. 2a) V55 < V1, hence
the temporal response to 10, 50 and 100 ppm H; in N, stimuli, shift
positively consistently with depletion conditions (Fig. 2b).

At 147°C, AV for 100 ppm H; is 0.18V and device capacity is
dominated by the dielectric component Cy =2.6 x 10~4 F/m?2, which
yields a chemically induced charge density of 0.47 x 10~4 C/mZ2.
The corresponding shift at 155°C is 0.08V; the semicon-
ductor capacitance (Cp) is 2.5 x 10~4F/m2, which adds to G
to yield 0.41 x 10-4#C/m?2, for the chemically induced charge
density.

The behavior of Au gates under NO, stimuli in air mirrors the
description for Pd in Hy/N,, because negative charge accumulation
ensues from its acceptor character, hence increasing interface state
population and u signal below Vr, consistently with negative AV
responses, and delaying inversion above V¢ to induce positive AV
(cf. Fig. 3a).

The bias dependence of the photocurrent, for a Au capacitor in
synthetic air intersects the data under 100 ppm NO, in air at the
threshold voltage (Vr), for 147 °C (cf. Fig. 3a).

Below Vr, negative charges chemically induced on the Au-SiO,
interface must be compensated on the SiO,-semiconductor inter-
face by a positive charge density exceeding that which corresponds
to the polarization state, leading to increased interface state popu-
lation. Conversely, above Vt, negatively charged gates shift the u-V
dependence positively, because inversion is inhibited. The tempo-
ral dependence of chemical response to 50 and 100 ppm NO, in air
stimuli, surveyed under 3.5 V bias, at 147 °C (Fig. 3b) shifts positively
because Vp;,s > V1.

At 167 °C, under 3.3V bias, (cf. Fig. 3a) V},s < VT, hence the tem-
poral response to 50 and 100 ppm NO, in air stimuli, shift negatively
consistently with depletion conditions (Fig. 3b).

At 147 °C, biased at 3.5V >Vy, AV for 100 ppm NO, is 0.05V
and device capacity is dominated by Cy=2.6 x 10~4 F/m?2, which
yields a chemically induced charge density of 0.13 x 104 C/m2. The
corresponding shift at 167°C and Vp;,s =3.5V<Vr is 0.037V, the
semiconductor capacitance is 2.65 x 10~4 F/m? which adds to G
to yield 0.19 x 10~% C/m?2, for the chemically induced charge den-
sity. In addition, it was corroborated that no response ensued at
Vbias =3.7 V, which corresponds to Vy at this temperature.
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4. Discussion

A quantitative description of the thermal dependence of the
threshold voltage may be obtained in terms of the standard MOS
one-dimensional model.

Device polarization induces different operating regimes, which
share the requirement for overall electroneutrality. Negative polar-
ization in a p-type CMOS corresponds to majority carriers on the
semiconductor surface under accumulation. With increasingly pos-
itive gate voltage, the compensating semiconductor surface charges
ensue not from electrons, but from negative acceptor ions in Si,
hence the device is said to be under depletion and electronic bands
are curved at the surface. Further increase of the applied voltage
allows the surface potential ({s) to match the value of the bulk
potential ¥, in what is termed weak inversion, when electrons
appear on the Si surface to form the inversion channel. Finally, when
the applied voltage increases band curvature sufficiently, such that
¥s =21, in what is termed “strong inversion”, the depletion layer
is at its maximum and the corresponding polarization voltage is
known as the “threshold” or “turn-on” voltage (V).

The calculation of Vr involves the flat band voltage, which is
zero for an ideal CMOS, but corresponds to negative tensions for
practical p- or n-type devices [ 14] at room temperature, due to work
function differences and trapped charges in the oxide layer, and
shift positively, at operating temperatures of 150 °C and above.

Under inversion, when =2, the full expression for the
threshold voltage of non-ideal CMOS devices, in terms of the flat
band voltage (Vgg), the bulk potential (vg) and the spatial semi-
conductor charge (Qs) is

VT=VFB+21//B+% (2)

with g dependent on acceptor (Na) and intrinsic (n;) carrier den-
sities of unit charge q and Qs related to the permittivity of Si (&s)
and the electric field (£s). Both &5 an the differential capacitance Cp
are functions of the adimensional potential F [15] through:

_ V2kT o
&s = iTLD F (ﬁlﬁ, p;;o) (3)

where Lp is the Debye length:
V2egkT Npo.
o _ 2 (0 (- 52))
I o
The comparative dominance of the various contributions to F,
under the relevant polarization regimes may be used to evaluate
the differential capacitance, for depletion and inversion, as a func-

tion of the surface potential (¥s), (cf. Fig. 4) with the following
approximations for type-p Si, under depletion:

Co=1/2+/285aNs (1/\/¥s) s F~(pv)"” (5)

and under inversion:

Cp (4)

Co = 1/2¢ | 2558 nebtr2; F~ [(my/Ny2eP?] 2 (6)
A

N,

The bulk potential (), which is dependent on temperature and
on the thermally dependent intrinsic carrier density [15], may be
used to evaluate the surface potential (s) under strong inversion
Ys=2yrg for any temperature, and the differential capacitance at
that potential corresponds closely to the intersection of the calcu-
lated depletion and inversion Cp dependencies with s (cf. Fig. 4).
Both thermal dependencies are represented in Fig. 5, for the oper-
ating temperature range of interest.
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Fig.4. Calculated differential capacitance as a function of surface potential in deple-
tion (full line) and inversion (dashed lines) regimes at 140, 150, 160 and 170°C.

The photocurrent [cf. Eq. (1)] may be normalized to provide a
common scale for multiple experiments, i.e.
u CO

_ 7
Rigxo ~ (Cp+Co) (s + Prea(iF)) @

which have been plotted as a function of temperature in Fig. 6.
Furthermore, the right hand side of Eq. (7) may be evaluated inde-
pendently.

Chemical response, measured by the voltage shifts of u, is bias
dependent [11]. Above the threshold voltage (Vr), H, in N, stimuli
on Pd gates induce negative responses (AV), whereas positive shifts
are characteristic of NO, in air on Au gates. This pattern is reversed
below Vr.

Above V7, negative voltage shifts ensue from positive charges
(H*) accumulated on the gate-dielectric interface for donor stim-
uli such as H,, whereas positive shifts indicate negative charge
accumulation for acceptors such as NO,. Below Vr, under deple-
tion conditions, the necessary charge compensation can be satisfied
by proportional changes in the semiconductor-gate interface state
population, which induce opposite chemical shifts [11]. Conse-
quently, the bias dependence of the photocurrent u, is not merely
displaced along the voltage abscissa by chemical stimulation, but
altered instead, to intersect at the threshold voltage (V).

4 2
C, 107" xF/m 7]

Fig. 5. Calculated surface potential (full line) and differential capacitance (dashed
line), polarized at the threshold potential, for the thermal range of interest.
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Fig.6. Thermal dependence of the photocurrent, normalized by photon flux, channel
width and load resistance (u*).

Total device capacitance, in terms of the fixed dielectric (Cy) in
series with the parallel circuit of bias dependent semiconductor
(Cp) and interface state capacitances (Css), modeled across the gate
window by a distributed capacitive-resistive network, in accor-
dance with the lateral current model [11,13,16], is

Co(Cp + Css)

_——=C 8
Co + Cp + Gss (8)

CTotal =

Hence, under depletion Cp and Css contribute significantly,
whereas above the threshold voltage (V1), Css is negligible, Cp
increases exponentially and the dielectric C; becomes dominant.
Just below Vr, the surface state capacitance may be neglected,
because the inversion channel is fully formed, and the differential
capacitance corresponds to that of the maximum depletion zone
[17].

Since V1 represents the bias required for the formation of
the inversion channel by negative minority carriers, in p type
devices, total capacitance, resulting from equal positive and neg-
ative charges on either side of the dielectric, is Cyp, whereas the
semiconductor capacitance (Cp) is significant, below Vr.

Once the total capacitance is evaluated with Eq. (8), either for
Vbias > V1 or Vs < V1, the chemically induced charge density (N)
may be computed from the empirical voltage shift (AV) with

Nq = AV (Cy + Cp) (9)

where q is the electron charge.

The thermal dependence of the semiconductor differential
capacitance (Cp) was calculated parametrically with temperature,
as a function of the surface potential, at 147, 155 and 167 °C, corre-
sponding to the temperatures obtained by steady state stabilization
in relevant experiments.

The intersection of the photocurrent bias dependence with and
without stimulation, in Fig. 2a and Fig. 3a, yield estimates for the
threshold voltage and the photocurrent under that polarization,
which match the values calculated with Eq. (7) within the exper-
imental error of 2%, namely V1 =1.85V, u=0.047 a.u. at 147 °C and
V=215V, u=0.0425 a.u. at 155°C for Pd (Fig. 2a); and V1 =3.18V,
u=0.32a.u.at147°Cand Vp=3.7V,u=0.28 a.u. at 167 °C, in the case
of Au (Fig. 3a). The pertinent values of ®x, are: 0.009 for Pd gates
and 0.06 for Au gates.

5. Conclusions

Analyte interaction with an active gate generates charges, which
accumulate at the metal-dielectric interface, compensated at the
semiconductor-SiO, interface to preserve electroneutrality. Device

response relies on the bias displacement of the photocurrent signal,
which depends in sign and magnitude on that of the charge accu-
mulated at the gate-SiO, interface. The compensating charge at the
semiconductor-SiO, interface is dependent on the MOS operating
regime and total capacitance.

Photocurrent signals (u) diminished by chemical stimulation
imply positive bias displacements (AV), whereas increased u corre-
sponds to negative AV. With due accounting for the MOS operating
regime, a single value for the sign and magnitude of the chemically
induced charges may be obtained, regardless of applied bias, within
experimental uncertainty (2%) [11].

Biased at threshold, MOS devices have no chemical response, but
sensitivity increases away from Vr. To some extent, it is possible to
trade off dynamic range for greater sensitivity with increased bias,
if saturation for low analyte concentrations is not a concern. Array
devices, with individual capacitors incrementally biased, could be
used to monitor the full u-V dependence concurrently, to compen-
sate for changes in operating conditions.

In Pd gate devices, positive charges (H*) ensue at the Pd-SiO,
interface, from H, dissociation, matched by corresponding nega-
tive charges at the semiconductor-SiO, interface. Biased below the
threshold voltage for inversion channel formation, which is neg-
ative in p-type Si, H* charges at the gate are compensated either
by negative donors in the depletion zone, which attains maxi-
mum width at this operating tension, or by diminished interface
state population, in the depletion regime well below V1. Hence, the
associated device capacitance corresponds to a net loss of charge
at the Si-SiO, interface. With increased bias, the semiconductor
capacitance (Cp) conforms to maximum depletion zone width and
above Vr, the inversion layer provides the negative charges required
to compensate H* accumulated at the Pd-SiO, interface. Conse-
quently, the bias dependence of the photocurrent (u) pivots on Vr,
which increases with operating temperature. A fixed bias of 2 V lies
below V7, at 155 °C, and above it, at 147 °C, reversing the sign of the
corresponding responses. The premonitory inverse response peaks
(cf. Fig. 2b) frequently observed, even in C-V measurements, admit
similar interpretation.

The effect of NO, stimulation on gold gates is consistent with its
well-known acceptor character [18], which yields negative charges
on Au, by associative adsorption in the presence of oxygen. Below
Vi, increased interface state population compensates this negative
charge for proportionally higher photocurrent, whereas above Vr,
the bias required for inversion is correspondingly increased. Hence
positive AV responses ensue above V1, whereas negative shifts are
observed below V7. Since Vr increases with temperature, the sign
of the response obtained at fixed bias may be reversed by increased
operating temperature.

The magnitudes of the calculated chemically induced charges
for H,/Pd are comparable to prior reports in the literature and the
slight decrease with increasing operating temperature, is consistent
with increased thermal desorption. Much less is known about NO,
adsorption on Au, although substantial evidence exists for associa-
tive chemisorption in the presence of oxygen [18], the identity of the
adsorbate cannot be established with macroscopic measurements.
The preliminary results reported here suggest that the negatively
charged products are favored by higher operating temperature.

The thermal operating range of chemically sensitive MOS
devices is limited by saturation of available adsorption sites below
approximately 140°C [1] and the semiconductor intrinsic temper-
ature (200°C, for p-Si with Ny = 10" cm—3), above which thermally
promoted intrinsic carrier density exceeds bulk dopant concentra-
tion [19]. It is standard practice to increase operating temperature
within these limits as much as possible, to promote analyte trans-
port processes, hence reducing response and relaxation times [13].
In these cases, the MOS operating regime should be cross-checked
by estimation of the threshold voltage, either by parametric
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evaluation of the surface potential at threshold (cf. Fig. 4) and
subsequent calculation of u* (cf. Eq.(7)), which yields V1 from exper-
imental data, or by the intersection of photocurrent bias dependen-
cies with and without chemical stimulation, at the temperature of
interest.
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