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a b s t r a c t

Design optimization of the InAs self-switching diode (SSD) intended for direct zero-bias THz detection is
presented. The SSD, which consists of nanometer-sized channels in parallel, was described using an
equivalent small-signal circuit. Expressions for voltage responsivity and noise equivalent power (NEP)
were derived in terms of geometrical design parameters of the SSD, i.e. the channel length and the num-
ber of channels. Modeled design dependencies were confirmed by RF and DC measurements on InAs
SSDs. In terms of NEP, an optimum number of channels were found with the detector driven by a
50 X source. With a matched source, the model predicted a responsivity of 1900 V/W and NEP of
7.7 pW/Hz½ for a single-channel InAs SSD with 35 nm channel width. Monte Carlo device simulations
supported observed design dependencies. The proposed small-signal model can be used to optimize SSDs
of any material system for low-noise and high-frequency operation as zero-bias detectors. In large signal
measurements, the responsivity of the InAs SSDs exhibited a 1 dB deviation from linear responsivity at an
input power of �3 dBm from a 50 X source.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Self-switching diodes (SSD) are planar semiconductor diodes
intended for THz operation [1–5]. SSDs are based on nonlinear
current flow through nanometer-sized channels regulated by a
field-effect [6]. Studies on SSDs have primarily focused on zero-
bias direct detection in THz applications. This capability has been
demonstrated with SSDs made from InGaAs [1], GaAs [2], GaN
[3] and InAs [7].

The performance of an SSD direct detection detector is depen-
dent upon geometrical design parameters of the SSD. While the
width of the channel is given by the lithographic constraints in
the semiconductor process, the channel length and the number
of channels lend themselves to design and optimization. So far,
the channel width is the only geometrical design parameter stud-
ied experimentally [3,7,8]. We recently demonstrated a theoretical
as well as experimental analysis of the importance of both channel
width and d-doping in SSDs [8]. It was found that reducing the
channel width or the d-doping enhances detector performance.
However, a model to describe the influence of channel length
and number of channels on SSDs’ voltage responsivity and noise
equivalent power (NEP) has been missing. There is also no model
available that describes the frequency response of SSD detectors.

In this study, we present a small-signal model to describe how
the channel length and number of channels affect the SSD’s perfor-
mance as a direct detector. The frequency dependence of the
responsivity and NEP is described. Measurements on InAs SSDs
are used to confirm the model. The model predicts the existence
of an optimum number of channels and a minimum channel
length. MC simulations which support the measured geometrical
dependence are presented. Finally, the linearity of the SSDs is
investigated through large-signal measurements.
2. Device design

An SSD can be formed through a single etch into a sheet of semi-
conductor such as a 2DEG heterostructure. A schematic view of a
single SSD channel is shown in Fig. 1. An SSD consists of N channels
in parallel. The narrow channels connect drain to source. Surface
charges on the sidewalls of the channels create lateral depletion
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Fig. 1. A schematic top view of a single SSD channel with geometrical definitions.
Blue fields corresponds to the InAs quantum well whereas white fields are isolating
trenches etched in the heterostructure. The device consists of N channels in parallel
as illustrated in the inset. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Elements of the small-signal circuit as defined in an SSD.
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Fig. 3. The simplified small signal circuit of an SSD.
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or accumulation, making the effective channel width different
from the physical channel width [3,6–9].

On both sides of the channels, there are adjacent flanges con-
nected to the drain; see Fig. 1. The SSD can be understood as a
two-dimensional field-effect transistor (FET) with gate and drain
short-circuited [8,10]. Using FET terminology, the flanges act as a
double gate terminal for the channel. When a negative bias is applied
to the drain contact and the flanges, the electron concentration in
the channel is reduced and the channel resistance is increased. With
a positive bias, the channel resistance decreases. As a result the I–V
becomes nonlinear. This non-linear I–V characteristic can be used
for detection of radio frequencies.

In this work, various SSD layouts were tested to reveal the
influence from device geometry. A reference design was defined
and each parameter was then varied separately. Referring to
definitions in Fig. 1, the reference design had channel width
W = 45 nm, number of channels N = 43 and channel length
L = 1000 nm. The other designs tested were W = 35 nm and
W = 120 nm, N from 5 to 43 and L from 250 nm to 1500 nm. All
SSDs were designed with Wv = Wh = 100 nm, were Wv is the trench
drawn vertically in Fig. 1 and Wh is the trench drawn horizontally.
The channel separation was S = 350 nm and the contact separation
Lmesa = 5.3 lm in all designs. The mesa was Wmesa = 30 lm wide.
3. Device fabrication

The InAs SSDs were fabricated from a 2DEG heterostructure
based on a non-intentionally doped InAs/Al80Ga20Sb quantum well.
Details in heterostructure and fabrication process are reported in
[11]. Similar heterostructures have been used for InAs/AlSb HEMTs
[12]. In Hall measurements, the sheet resistance was measured to
Rsh to 164 X/sq [8]. Etched trenches exhibited an isolation resis-
tance >1 GX/sq. The SSDs were fabricated with 70 lm long copla-
nar waveguide access lines for on-wafer RF measurements.
4. Small-signal model

In Fig. 2, elements of an equivalent small-signal model are
defined as parts of an SSD with a single channel. The capacitance
Ch is essential in creating the nonlinear I–V by coupling a field from
the flanges to the channel, thereby regulating the channel resis-
tance Ri [8]. A parasitic capacitance Cv will appear across the trench
drawn vertically in Fig. 2. Parasitic resistances Rg1 and Rg2 appears
in series with Ch and Cv.

The design and frequency dependence of responsivity of SSD’s
as direct detectors is found by determining the power coupled into
Ri. A simplified version of the small-signal model in Fig. 2, suited
for this purpose, is shown in Fig. 3. In the designs in this study,
Rg1 and Rg2 may be neglected since W� S and thus Rg1 þ Rg2
� Ri. In Fig. 3, the capacitance of the SSD is modeled by a single
capacitance Cp in parallell to Ri and Rs2. A more accurate approach
would be to model Cv and Ch separately. By representing the
capacitances with Cp the responsivity at high frequencies is slightly
underestimated but the parameter extraction process simplified.

Resistances visualized in Figs. 2 and 3 are related to the over-all
zero-bias resistance R0 as

R0 ¼ Ri þ Rsa þ Rda þ Rs2 ð1Þ

The channel resistance Ri constitutes the only nonlinear element
in the equivalent circuit and is as such responsible for the SSD’s
detector functionality. At zero-bias, the small-signal value of Ri is
modeled as

Ri ¼
RshL

NWeff
ð2Þ

where Weff is an effective channel width. While the numbers of
channels as well as the channel lengths are known with high
accuracy, the physical width of the channel is defined less clearly.
Additionally, the lateral depletion/accumulation in the channel
affects the current flow. The effective channel width Weff may then
be defined as

Weff ¼W �W0 ð3Þ

where W0 is a constant.
The parasitic source-side and drain-side access resistances Rsa

and Rda, respectively, represent the mesa resistance on the two
sides of the channel. Rs1 = Rsa + Rda is treated as a constant for all
tested designs since Wmesa and Lmesa are constant. In reality, Rs1

may vary somewhat with N and W due to current crowding at the
entry of the channels. The resistance Rs2 represents the part of the
channels that cross the vertical trench. Rs1 and Rs2 are here consid-
ered linear. Rs2 in an SSD with several channels is modeled as

Rs2 ¼
RshWv

NWeff
ð4Þ

Applying a voltage VD and the resulting current ID to the drain
terminal, a voltage VDi

appears across Ri. The intrinsic curvature
ci is found as

ci ¼
d2ID=dV2

Di

dID=dVDi

ð5Þ
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Fig. 4. I–V of an InAs SSD of the reference design, with W = 35 nm. ci and Ri as
function of bias V.
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and can be calculated from DC measurements by recognizing that
VDi
¼ VD � IDðRs1 þ Rs2Þ [13]. By analyzing the SSD channels as

double side-gated FETs, it was shown in [8] that reducing W and
d-doping increases ci. Further, for a certain VDi

, the current ID is
strictly proportional to N and, under the long channel approxima-
tion, also to 1/L [8]. It then follows from (5) that ci is expected to
be independent of both N and L.

When a total RF power Pin is absorbed in the SSD, a power
PRi
¼ PinK is absorbed in Ri. Through linear circuit analysis, K is

found as

K ¼ Ri

Ri þ Rs1 þ Rs2
� 1

1þ Rs1ðRiþRs2Þ2C2
px2

RiþRs1þRs2

ð6Þ

At low frequencies, (6) is reduced to K ¼ Ri=ðRi þ Rs1 þ Rs2Þ.
The nonlinear resistance Ri will generate a current Ii ¼ 1=2ciPRi

.
With a high-impedance DC-load, Ii in turn generates the voltage
Vdet ¼ �IiRi at the terminals. Hence the voltage responsivity of
the SSD detector is bopt ¼ jVdetj=Pin or [13]:

bopt ¼
1
2

RiciK ð7Þ

As shown in (7), increasing Ri enhances bopt. However, large Ri

makes impedance matching difficult, limiting the power transfer
from source to detector. To illustrate this trade-off the responsivity
b50X for an SSD when driven by a 50 X source is expressed as:

b50X ¼ boptð1� jCj
2Þ ð8Þ

where C ¼ ðZSSD � 50XÞ=ðZSSD þ 50XÞ and ZSSD the impedance of the
SSD.

The dominating noise process in an unbiased SSD at low incident
power is Johnson–Nyquist noise which produces an rms voltage
spectral density Vn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kTR0

p
where k is Boltzmann’s constant, T

the physical temperature and R0 the zero-bias resistance [14]. The
noise equivalent power (NEP) corresponds to the Pin for which
Vdet ¼ Vn. With an optimum lossless match, the NEP is found as

NEPopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kTR0

p
=bopt ð9Þ

when the diode is driven by a 50 X source, the NEP is found as

NEP50X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kTR0

p
=b50X ð10Þ

Some conclusions can be drawn from (1)–(10) regarding the
detector performance of SSDs in the special case of a perfectly
matched detector and negligible parasitic elements (Rs1 ¼ Rs2

= 0 X and Cp ¼ 0 F). First, bopt / 1=N and NEPopt /
ffiffiffiffi
N
p

. Secondly,
bopt / L and NEPopt / 1=

ffiffiffi
L
p

.

5. Electrical results

The basis for operation of the SSD is the nonlinear I–V character-
istics. In Fig. 4, an I–V measurement of an InAs SSD with W = 35 nm
at 300 K is presented. While the I–V appears almost linear, a nonlin-
earity is revealed by studying Ri and ci which were estimated from a
fifth-order polynomial fitted to ID(VD) for VD 2 ½�0:2;0:2� V by the
least-squares method. Fig. 4 reveals that Ri is slightly lower in for-
ward bias than backward bias, demonstrating the rectifying behav-
ior of the SSD. ci is increased by reverse bias, bringing the SSD
channels closer to pinch-off [8]. At zero-bias, Ri = 281 X and
ci ¼ 0:32V�1: The non-zero ci at VD = 0 V enables zero-bias detec-
tion with InAs SSDs.

Responsivity and S-parameters of the detectors were measured
on-wafer in three different frequency bands using three different
setups. In the lowest band, 2–50 GHz, an Agilent VNA (E8361A)
served as the signal source. For the two higher bands, 140–220
GHz and 220–325 GHz, a Rohde & Schwarz VNA (ZVA-24) was used
together with WR5.1 and WR3.4 extenders. The power from the
signal source was measured using an HP438A (2–50 GHz) and
Erickson Instruments PM4 power meter (140–325 GHz). By
measuring and subtracting the small-signal probe loss, the power
Pin incident on the SSD was found. The arising voltage Vdet was
measured with a volt meter, and thus b50X could be found as
b50X ¼ Vdet=Pin. With measured C ¼ S11, bopt could be calculated
from (8). With R0 from DC measurements, NEPopt and NEP50X at
300 K were calculated using (9) and (10).

To confirm the model’s N and L dependence, the model was
compared to measurements at low frequency in Figs. 5 and 6. Mea-
surements were done at 2 GHz in order to make the capacitances in
the SSD and model negligible. Measured Ri and ci were obtained as
follows: The series resistance Rs1 was measured to 40 X in DC mea-
surements on a dedicated test structure without trenches and con-
sidered constant in all designs. Resistances Rs2 and Ri were then
calculated from the DC measurements of R0 using (1) and (4). ci

was calculated from DC. Since the I–V characteristic for the InAs
SSD is virtually linear (see Fig. 4), it is evident that the resulting
ci is sensitive to noise in the I–V measurements, especially for high
resistances resulting in low currents. Therefore, ci was also calcu-
lated from RF measurements of bopt using (7).

To model the N and L dependence of the various parameters in
Figs. 5 and 6, Weff and ci needed to be determined. Weff ¼ 20 nm
(thus W0 ¼ 25 nm) was found to provide the best fit of modeled
to measured Ri in Fig. 5(a). The modeled N-dependence of both Ri

and ci matches the measured dependence. ci is fairly accurately
obtained but slightly underestimated by DC measurements. Aver-
age ci as acquired from DC and RF measurements was 0.24 V�1

and 0.27 V�1, respectively. The latter value was used for the model
in Figs. 5 and 6.

Fig. 5(b) and (c) shows measurements and models of bopt , b50X;

NEPopt and NEP50X as functions of N. If the detector is matched, a
low N is beneficial in the SSD design, resulting in both higher bopt

and lower NEPopt. Further, Fig. 5(b) shows that also b50X increases
for low N. However, NEP50X shows a minimum for N = 28. For
lower N, increased thermal noise (Vn) outweighs the increased
b50X. However, the minimum in NEP50X is not sharp. For any N
in the range 18 to 54, NEP50X deviates from the optimal value by
less than 10%. Most importantly, Fig. 5(a)–(c) demonstrate that
the model in (7) accurately describes the N-dependence of both
responsivity and NEP.

Measured Ri and ci for varying L are shown in Fig. 6(a). Measured
values are compared to the modeled counterparts using the previ-
ously acquired values of Rsh, Weff and ci. From (4), Ri is expected to be
proportional to L which is supported by the measurements plotted
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in Fig. 6(a). ci reveals a weak L dependence for L > 1000 nm whereas
a roll-off in ci can be seen for L < 1000 nm. Measurements in
Fig. 6(a) support the analytical result that ci is indeed independent
of L for sufficiently large L.

In Fig. 6(b) and (c), the modeled bopt, b50X, NEP50X and NEPopt as
functions of L are compared to their measured counterparts. The
model reproduces the measurements except in the presence of
short-channel effects where the responsivity is overestimated and
NEP underestimated. Increasing L increases bopt and reduces NEPopt.
Also b50X benefits from increased L. NEP50X shows a minimum at
L = 2200 nm. However, both NEPopt and NEP50X display relatively
small improvement beyond L = 1000 nm.

To model frequency dependence, the capacitance Cp needs to be
taken into consideration. In Fig. 7, S11 measured for three SSDs with
different W are plotted in a Smith chart. Also plotted is S11 of the
SSDs modeled according to Fig. 3(b), with an external pad. The
pad parameters Lpad and Cpad were extracted from measurements
on open- and short-circuited pads. Resistances were found from
DC-measurements, and Cp by fitting modeled S11 to measured
S11. ci was extracted from RF measurements at 2 GHz. The Cp

extracted from the SSD with absent channels (W = 0 nm) is similar
to the Cp extracted from the SSDs with channels, which motivates
the placement of Cp in parallel to Rs2 and Ri in the reduced small-
signal equivalent circuit in Fig. 3. Furthermore, only a small varia-
tion of Cp was seen between devices. Generally, Cp can be expected
to depend mainly on the device width and contact separation. By
shrinking the device width (i.e. Wmesa), Cp can be reduced.

In Fig. 8, b50X is plotted versus frequency for 2–100 GHz using
model parameters extracted in Fig. 7, and compared to measured
b50X for 2–325 GHz. Model and measurements both show little
roll-off, due to the 70 lm coplanar transmission line that partly
compensates the frequency dependence introduced by Cp in the
measured frequency range. For detectors with a similar equivalent



Fig. 7. Measured S11 for SSDs with three different W (red) and calculated from the
small signal model (blue) using the listed model parameter values. The pad is
modeled with a

Q
-network. In the W = 0 nm device, the channels are absent and Ri

and Rs2 are modeled as infinite resistances. Frequency 0.25–50 GHz. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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circuit as the SSD, it is common to define an intrinsic cut-off fre-
quency fc = 1/(2pRs1Cp) where the RF voltage across Cp equals the
RF voltage across Rs1 [15]. An fc of 600 GHz and 550 GHz is found
for W = 70 nm and W = 35 nm, respectively.

In Fig. 7, the extraction of Lpad and Cpad was based on an open-
circuit pad without ohmic contacts, effectively including the capac-
itance of the 2 lm long ohmic contacts in the extracted Cp. With an
open-circuit pad where ohmic contacts are included, a 1.1 fF higher
Cpad would be extracted according to analytical models [16]. The
correspondingly 1.1 fF lower Cp would result in f c ¼ 720 GHz for
the W = 70 nm device.

The agreement between model and measurements in Figs. 5
and 6 motivates an estimation of what performance that is possible
with InAs SSDs in the fabrication process used in this experiment.
Using the parameter values for W = 35 nm from Fig. 7, the model
predicts bopt = 1900 V/W, NEPopt = 7.7 pW/Hz½ and R0 = 13 kX at
low frequencies for an InAs SSD with N = 1.
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The observed W-dependence was reproduced in Monte Carlo
(MC) simulations [17] of the InAs SSDs. Transport in InAs was simu-
lated and set up as in [18]. More details of the simulation set up are
available in [19]. The MC tool was first calibrated to accurately
reproduce the I–V curves at low voltages, see inset of Fig. 8, by setting
the relevant simulation parameters: channel width, series resis-
tance and surface charge. The measured I–V of the SSDs of the refer-
ence design with nominal W = 35 nm and W = 70 nm was in MC
simulations best reproduced by setting W to 45 and 90 nm, respec-
tively. Further, Rs1 = 40 X and a constant surface charge on the chan-
nel sidewalls that provides 5 nm of depletion (W0 = 10 nm) on each
side of the channel was used. A single channel structure was simu-
lated and the current scaled by N = 43. Once the I–V was reproduced,
b50X was extracted from RF simulations [3]. The resulting b50X is
shown in Fig. 8. The MC simulations reproduced the experimental
responsivity values at low frequencies, but at higher frequencies
the MC simulations of b50X show less roll-off than measurements.
This is likely due to that the MC simulation is intrinsically
2-dimensional and does not take into account coupling through
the substrate. The similarity of the W-dependence of simulations
and measurements supports the small-signal modeling of the SSD.

At high powers, the detector is limited by nonlinearity. In Fig. 9,
b50X is plotted as a function of incident power Pin at 2 GHz. For the
three designs with N = 5, 15 and 43, b50X deviates with 1 dB from
the small-signal value at Pin = �3.3, �3.0 and �3.2 dBm. The asso-
ciated absorbed powers are �4.3, �3.6 and �3.4 dBm, respectively.

6. Discussion

Comparing InAs SSDs to other device technologies used as
detectors reveal some differences and similarities. The parameter
N showed a dramatic effect on the responsivity and NEP, contrary
to what has been assumed [14]. N does not affect ci, only Ri and Rs2.

Changing N thus has the same effect on Ri and ci as the junction
area has in Schottky diodes [20]. The ci exhibited by InAs SSDs is
low, maximally 0.35 V�1, for W = 35 nm. In zero-biased Schottky
diodes, ci is close to the theoretical limit 39.6 V�1 [21], more than
a hundred times higher than for InAs SSDs. Sb-based heterojunc-
tion backward tunnel diodes have shown ci = 47 V�1, even higher
than in Schottky diodes [15]. It is clear that the low ci is a limiting
parameter for InAs SSDs. The analysis of the L dependence showed
that for L > 1000 nm, L has little effect on ci. Decreasing W has an
effect on ci [8]. Reducing the d-doping has proven to enhance ci

considerably [8]. A parameter worth further study is Wh, which is
expected to affect ci [22]. Further, MC simulations have shown that
the density of surface charge on the channel sidewalls can greatly
affect Weff [23]. Hence, changes in the InAs-dielectric interface
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could also have positive effects on ci. Also SSDs in other materials
exhibit relatively low ci. From (8), it follows that b50X = 100ci if
Rs1 = Rs2 = 0 and R0� 50X. Published InGaAs [1], GaN [3] and GaAs
[2] SSDs show a zero-bias b50X in the range 100–200 V/W, indicat-
ing a ci of 1–2 V�1. Hence, compared to Schottky diodes, ci is lower
in SSDs in general and in InAs SSDs in particular.

Advantages of SSDs over Schottky diodes in small signal detec-
tion may come from low Cp and a weak roll-off of the frequency
response rather than high ci. While whisker-contact Schottky
diodes exhibit fc of several THz [24], the f c ¼ 600 GHz predicted
for InAs SSDs is comparable to that of Sb-based heterojunction
backward tunnel diodes, where a maximum of f c ¼ 805 GHz has
been reported [25]. The planar structure of SSDs opens for low
capacitances if the device can be kept small (low N and Wmesa),
especially if combined with membrane technology [26]. The model
presented in this paper can be used to optimize an SSD for low N
and a small device size, thus allowing improved high-frequency
operation.

InAs SSDs demonstrated a high linearity by deviating from the
linear response with 1 dB at an incident power of around
�3 dBm. High linearity has also been demonstrated with InGaAs
SSDs [5].The high linearity is a consequence of the relatively linear
I–V of InAs SSDs and the associated low responsivity, along with
low R0, which reduces the voltage swing over the devices for a cer-
tain Pin. For comparison, Schottky diodes reach 1 dB compression
for incident powers < �20 dBm [21].

7. Conclusion

A small-signal model for the InAs SSD as detector was presented.
Theories for how the device geometry affects the different parame-
ters in the model were explained and evaluated experimentally at
2 GHz. The model accurately predicted how responsivity and NEP
depended on the number of channels and the channel length. MC
simulations reproduced the measured responsivity at low frequen-
cies and exhibited similar dependence on channel width. Measure-
ments demonstrated that for matched SSDs, fewer and longer
channels provide lower NEP at the cost of a high impedance which
in a practical design is difficult to match. For an InAs SSD with a
single channel W = 35 nm and L = 1000 nm, the model predicted
bopt = 1900 V/W, NEPopt = 7.7 pW/Hz½ and R0 = 13 kX. When the
SSD was driven by a 50 X source without matching, the NEP
showed a minimum for a certain number of channels, and was only
marginally affected by channel length for sufficiently long channels.
The model also showed that enhancing the nonlinearity of the InAs
SSD is critical in improving small-signal performance.
Large signal measurements were performed in which it was
found that the InAs SSDs reached compression at �3 dBm input
power.

The extracted small-signal model parameters predicted a max-
imal cut-off frequency of fc = 600 GHz of the investigated designs.
Parasitic capacitances can be reduced considerably by minimizing
the device size, thus increasing fC. With the small-signal model
proposed in this paper, SSD design can be optimized for high fre-
quency applications.
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