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Abstract—The behavior of GaN-based transistors as zero-bias
detectors is very dependent on the configuration of the bias, the
operation temperature and whether the radio-frequency power
is fed in the drain or the gate terminal. In drain-injection, the
negative current responsivity shows a bell-shape dependence on
Vas for all the studied frequency range and temperatures. In the
case of the voltage responsivity, depending on the temperature
range an increase or decrease of the responsivity is observed
in subthreshold conditions. For the gate-injection configuration,
the voltage responsivity at low frequency is null only for
Vas > Vin. Surprisingly, in subthreshold conditions, it is very
high and positive, contrary to the negative values expected for
this configuration. The origin of this unexpected behavior in
Vas < Vi is that the drain terminal is self-biased at the
zero-current operating point. An analytical model is able to
explain the mechanism behind the observed dependencies of the
experiments.

I. INTRODUCTION

In the last few years, high electron mobility transistors
(HEMTs) based on AlGaN/GaN have been investigated for
applications such as broadband communications [1], radar
components [2] or space applications [3] because of their
excellent frequency and power characteristics. In this work,
AlGaN/GaN HEMTs are applied as microwave detectors in
the mm-wave region over a wide range of temperatures [4],
[5]. We focus our attention on their properties as zero-bias
detectors, since excess noise is avoided, but the analysis is
not simple because four different configurations can be used
depending on whether current or voltage are detected (with
short- or open-circuit drain terminal, respectively) or whether
the RF power is injected into drain or gate terminals, which
we will denote as Drain-Injection (DI) and Gate-Injection
(GD) configurations, respectively. Moreover, voltage detection
in the subthreshold regions shows a complex behavior due
to drain self-biasing, which can be very significant when
the transistor has a proper pinch-off behavior [5]. Indeed,
in the presence of drain leakage current through the buffer
(as happens in GaN HEMTs at low 7' due to the non
ionization of the acceptor ions of the buffer), the DI voltage
responsivity in sub-threshold conditions becomes almost null,
instead of being quite high (as expected for ’good” transis-
tors). However, while the subthreshold behavior within the
DI configuration was well explained in [5], the GI case is not
yet well understood. In fact, some works have shown that the
voltage response is suppressed in the subthreshold region due
to loading effects or leakage current [6], [7], [10] but a general
explanation of the detection mechanism in GI configuration

is still lacking. In this contribution, using expressions for the
responsivity based on the Taylor series expansion of the Ip-
Vps curves [8], [9], we are able to retrieve and explain the
experimental results in all the different configurations where
the Vpg self-biasing plays a key role.

II. DEVICE UNDER TEST AND EXPERIMENTAL SETUPS

We focus our study on a AlIGaN/GaN HEMT grown on a
high resistivity silicon substrate whose details are provided in
[5], [11], [12]. A LakeShore CRX-VF cryogenic probe station
is used to perform the measurements in a temperature range of
100-400 K. The layout contains co-planar-waveguide (CPW)
accesses to contact the terminals with GSG RF probes. A
VNA Keysight N5244A has been used as RF power source
up to 43.5 GHz. The insertion losses of the cables and tips
have been taken into account to actually deliver a constant
RF power, P, at the reference plane of the transistor. The
microwave signal in a 1 to 43.5 GHz span is injected either
into the drain or the gate terminals. In order to bias both
the gate and the drain of the transistor, a two-channel SMU
B2902A is used. Two different modes for zero-bias detection
will be used: zero-current (ZC) with open-circuit drain, and
zero-voltage (ZV) with short-circuited drain. The responsivity
in ZC conditions is obtained as the ratio 3, = A—PV and in ZV
is B; = %, where AV and AT are the DC shift caused by
the RF excitation recorded always at the drain terminal and
averaged during 5 s. Subscripts d or g are added to distinguish
between DI and GI (8,4, Bug, Bia and Big).

III. RESULTS AND DISCUSSION

The current responsivity with both DI and GI configurations
vs. Vg s always shows a bell shape with a maximum 0.2-0.3 V
above the threshold bias V}j of the transistor and goes down
to zero in subthreshold conditions regardless of 7', Figs. 1(a)
and (b). However, while 3,4 is flat at low frequency and then
shows a high frequency roll-off (results not shown here), 34
is suppressed at low frequency due to the capacitive gate-drain
coupling. The RF power needs to reach the drain in order to
produce a non-zero response [8]. It is also remarkable that DI
and GI provide responses with opposite sign, see Fig. 1(b).
In the case of the ZC voltage responsivity, Figs. 1(c) and (d),
for T <200K, 5,4 has a bell shape with a positive maximum
near Vyp, while for 7" >200K it increases and saturates when
entering the subthreshold region. The origin of this behaviour
was already explained in [5], and it is due to the p-type
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Fig. 1. Zero-voltage (ZV) current responsivity (in A/W) measured at (a)

1 GHz and (b) at 43 GHz and Zero-current (ZC) voltage responsivity (in
V/W) at (¢c) 1 GHz and (d) at 43 GHz as a function of Vigg using both
Drain-Injection (DI) and Gate-Injection (GI) configurations in the 100-400 K
temperature range. The dashed vertical lines indicated the values of V;;, for
each temperature. The experiments were made with a small input RF power
of -15 dBm injected to a GaN-HEMT with L5=250nm and W=2x25 pm.

doping of the GaN buffer, which is not active at low 7', thus
leading to the enhancement of the drain leakage current. In
fact, a good transistor pinch off leads to the self-biasing of
the drain terminal due to the Ip=0 bias condition, which is
only fulfilled for negative Vg, when the transistor enters into
the third-quadrant-conduction region to generate a non-
zero Ip able to compensate the always present gate leakage
current. The most significant result of Fig.1 is that obtained
for 3,4, particularly in the subthreshold region for 7" >200 K.
Surprisingly, 3,4 is quite large at 1 GHz, while a null value
is expected (since at low frequency the gate-drain coupling
is negligible). The remarkable sign change of 3,, at high
frequency when passing from Vg above to below V;, is also
non expected, since negative values are typically found for
ﬂ'ug'

We can extract more information of these unexpected re-
sults by studying the frequency dependence of the ZC voltage
responsivity at 300K. Fig. 2 shows (3,4 and 3,4 for two
different bias points, one with open channel Vgg =-3.61V
> Vin, and the other corresponding to subthreshold conditions
Vs =-4.28V < Vyy,. B4 shows a low-frequency plateau with
a high frequency roll-off characterized by a cutoff frequency,
fe. The inset shows the 1/(1 + (f/f.)?) fitting. A value for
fe=47GHz is found in subthreshold conditions, much higher
than that for Vgg > Vi, 31 GHz. On the other hand, in
the case of GI, Fig. 2(b), clear differences between the two
operation regions are observed:

« In open channel conditions /3,4 is null at low frequencies
until ~10 GHz where it starts increasing. This high-pass
filter behavior is that expected for the GI configuration,
since gate-drain coupling is purely capacitive.

o In subthreshold conditions the frequency dependence of
Bvg resembles that obtained in DI, with similar f., so
that it cannot be originated by the gate-drain-coupling,
and the explanation for this result must be elsewhere.
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Fig. 2. Zero-current (ZC) responsivity in (a) DI and (b) GI at 300 K for two
values of Vizg: in subthreshold Vggs =-4.28 V < V};, and over threshold
Vas =-3.61 V > V;p. The inset shows the normalized 3, measurements
(symbols) and fitted data (lines) to a Lorentzian in order to extract the cutoff
frequency. Note that both graphs are in plotted in absolute value.

The analytical model proposed by [9] allows to obtain
the voltage responsivity both in DI and GI conditions tak-
ing as a base the static coefficients g;; (defined as g;; =
OUN I /0 Veg07Vps) extracted from the Ip-Vpg curves
using the following equations:

RoR

Bud = — =25 (92005 + goz + 20agr1 cos ), (1)
RoR

Bug = — 02 L (920 + azgoz + 2a4911 cosB), ()

where Ry is the source output impedance, Rp is the channel
resistance, g = Vgs/Vgs and g = v4s/vgs are the ratios
between the transmitted AC signals to the gate/drain terminals
and that input signals, vgs in DI and vy, in GI, respectively,
and 6 the phase shift between both AC signals.

Fig. 3 shows that for Vgs > Vin, g20 is null and gpo
and g;; have opposite signs and similar absolute values with
a maximum around Vggs=-3.23 V. Remarkably, due to the
capacitive gate-drain coupling, at low frequency ag=c4,=0, so
that ggs is the only significant parameter for 3,4 and go for
Bug. The typical assumption is that gog is null because 1p=0,
so that the model is able to explain well the low frequency
dependence of both responsivities above threshold (and the
positive values obtained for 3,4 and negative for 3,4). At
high frequency both oy and o increase, and consequently
the (negative) contribution of the g;; terms, so that the roll-
off of 8,4 and the increase of 3,4 are also well captured by
the model.

However, in subthreshold one would expect to find that
Bug = 0 at low frequency, contrary to what it is obtained in the
experiments, Fig. 1(c). The explanation is that go( is not zero
in that conditions (see the zoom in the bottom inset of Fig.
3). In fact, it reaches a value similar to ggo and with the same
sign, so that 8,4 and 3,4 take exactly the same values in the
subthreshold region. This is possible because for Vgg < Vi
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Fig. 3. Taylor series coefficients go2, g20 and g11 vs. Vigg at 300K. The
vertical dotted line indicates the value of V4. The bottom inset corresponds
to a zoom around the threshold region. The top inset shows the |Ip|— Vps
characteristic of the device.
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Fig. 4. Comparison of the values of the ZC responsivity B4 vs, frequency
obtained in the experiments (symbols) and those calculated with equation 2
(solid line) at 300K for 1, 20 and 42 GHz. The dashed vertical line indicated
the value of Vyp,.

the zero Ip point is shifted to negative values of Vpg (see
the top inset with the |Ip|-Vpg curves of the transistor in log
scale). As a consequence, since the Ip = 0 point depends on
Vas, the value of gog = 02Ip/0?Vgs is not null. The very
good agreement in the comparison of the experimental values
of B, with those predicted using equation 2 in the whole
Vs range for different frequencies is shown in Fig. 4. More
information about how this calculation has been performed,
mainly concerning the frequency dependence of the ay(f) and
ag(f) coefficients, will be provided at the conference [13].

IV. CONCLUSIONS

We have presented experimental results of zero-bias mi-
crowave power detection up to 43 GHz with GaN HEMTs
both within the DI and GI configurations in a wide tempera-
ture range. While the dependencies on 7', Vizs and frequency

of the detection are well understood for Vgg > Vi it is
not the case in subthreshold conditions, where the drain self-
bias plays a key role (mainly for 7 >200K). In fact, it
allowed us to explain the subthreshold behaviour of 3,4. In
this contribution we highlight that this mechanism also breaks
the usual assumption that go¢ is null, thus allowing to explain
the initially puzzling results, mainly the non-zero values of
Bug at low frequency (where the gate-drain coupling is null).
With all the terms of equation 2 correctly taken into account,
the behavior of the GI voltage responsivity 3,, presented in
Fig. 1(d) can be well reproduced, Fig. 4, by the model in
terms of frequency and Vg dependence.
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