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We study the broadband photovoltaic response of field effect transistors on terahertz radiation. A

simple physical analytical model of the response is developed. It is based on plasma density

perturbation in the transistor channel by the incoming terahertz radiation. The model shows how the

non-resonant detection signal is related to static (dc) transistor characteristics. We analyze loading

effects related to capacitive, inductive, and resistive coupling of the detector to the read-out circuit as a

function of modulation frequencies and loading resistors. As we show, the proposed physical model

completed by loading effects fully describes the experimental results on the non-resonant sub-terahertz

detection by all studied III-V (GaAs, GaN) and silicon based transistors. Field effect transistors were

recently proposed as the best terahertz detecting pixels for fabrication of low cost focal plane

arrays for terahertz imaging. This article gives prospects for electrical simulation of these

transistors and their optimal integration in the focal plane arrays. VC 2011 American Institute of
Physics. [doi:10.1063/1.3632058]

I. INTRODUCTION

Field effect transistors (FETs) were found to be efficient

terahertz (THz) detectors.1–12 The phenomena can be

described using the Dyakonov-Shur theory11,13,14 in terms of

the excitation of the 2-dimensional electron plasma in the

transistor channel by the incoming THz radiation. When a

THz field is applied between the gate and the source terminal

of the transistor, it modulates at the same time the carrier

velocity and the carrier density. This leads to the nonlinearity.

THz electric field is rectified like in square law detectors and

a constant (dc) source-to-drain voltage appears. This voltage

is the measured detection signal and is called the photovoltaic

response or the photoresponse. More details about the detec-

tion mechanism can be found in a review—Ref. 11. Different

kinds of FETs, like GaAs high electron mobility transistors

(HEMTs),1,4 GaN HEMTs,4,10 InGaAs HEMTs,2 or silicon

metal-oxide-semiconductor-FETs (MOSFETs),6,8 with a gate

length of an order of hundreds of nanometers exhibit good

broadband responsivities for the THz radiation. From the

point of view of applications, the silicon MOSFETs are the

most important ones due to low production costs and the ease

of integration in electrical circuits. Recently, the first imagin-

ing experiments with GaAs FETs (Ref. 15) and with focal

plane arrays made in silicon complementary metal-oxide-

semiconductor (CMOS) technology16–18 were reported.

A standard method of investigation of THz detection by

FETs is the measurement of the photoresponse versus the

gate voltage. Basic detection theory14 predicts divergence of

the photoresponse signal when the gate voltage approaches

the threshold voltage, whereas all experiments show a signal

drop in the subthreshold region. This discrepancy comes

from the assumption of linear dependence of the carrier den-

sity on the gate voltage in the Dyakonov-Shur theory, which

does not hold in the subthreshold region. Taking into account

the exponential dependence, in this region, the photores-

ponse tends to a constant value rather than diverges.4 In most

of the experiments, however, one observes the signal drop in

the subthreshold region. This drop observed in the leaky

GaAs HEMTs was initially associated with the gate leakage

current.4 Later the phenomenon was also observed in the

very low leakage Si-CMOS transistors and was explained as

an effect related to the impedance mismatch between the

detector and the external measurement (read out) system—

loading effects.16,19 Even though the reasons for the signal

drop were given, there was no simple way to predict and

simulate accurately the experimental data. The presented

models4,19 describe the real shape of the detection signal

rather poorly. This is because of two main reasons: (i) the

full impedance, capacitance in particular, of the read-out cir-

cuit was not taken into account16,19 and (ii) the gate voltage

dependence of the carrier mobility was not taken into

account.

In this work, we present an extensive experimental study

of the non-resonant THz response of various high quality

(low gate leakage current) III-V (GaAs, GaN) and silicon

based FETs. We formulate a physical model which describes

a relation between the non-resonant detection and the transis-

tor channel dc conductivity. It allows for analytical calcula-

tion of the expected THz photoresponse using static (dc)
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transfer characteristics of a FET. We show that in the case of

low gate leakage transistors, the presented physical model

completed by taking into account resistance and capacitance

loading effects can fully describe the THz photoresponse for

all investigated III-V (GaAs, GaN) and silicon based FETs.

II. EXPERIMENTAL DETAILS

The goal of our experiments was to find a relation

between the broadband THz photoresponse and the dc chan-

nel conductivity of a FET and to understand the influence of

geometric, material, and electronic parameters on it. We

studied three types of FETs made of different materials and

using different technologies—GaN and GaAs HEMTs and Si

MOSFETs. Table I gathers the main parameters of the tran-

sistors, such as the gate length, Lg, and the gate width, Wg,

the electron effective mass in the channel, meff, and the room

temperature electron mobility, l0. For all the transistors we

measured the dependence of the photoresponse on the gate

voltage together with their dc transfer characteristics.

Most of the experiments were done at room temperature

but we collected data at some lower temperatures too. To cool

down the transistors we used a continuous flow cryostat oper-

ating in the range between 150 K and 300 K. An optical sys-

tem based on parabolic mirrors was used to focus the

radiation beam onto the samples. The photoresponse was

measured by a standard lock-in technique using an external

preamplifier (25�) with an input resistance of 10 MX. In

each measurement session, the capacitance of the read-out cir-

cuit together with cables connecting the transistor to the pre-

amplifier was determined by RLC measuring bridge. Typical

value of the capacitance obtained was of the order of 150 pF.

A backward wave oscillator operating at 0.23 THz and a 0.3

THz electronic multiplier based THz source were used. The

intensity of the incident radiation was modulated either by a

mechanical chopper or by an internal electronic modulation of

the backward wave oscillator. We measured the photores-

ponse as a function of the gate voltage, Vg, for modulation fre-

quencies, xm, ranging from 23 Hz to 10 kHz, and for different

values of external load resistors, RL (see Fig. 1).

III. MODEL

We present a simple physical model relating the transis-

tor photoresponse with its dc channel conductivity. The

Dyakonov-Shur theory14 was originally developed under the

assumption that the mobility in the channel does not depend

on the gate-to-channel voltage, U. However, this is not true

in general. Usually it is difficult to determine simultaneously

both the carrier density and the carrier mobility as functions

of the gate voltage. On the other hand, we can easily find the

channel conductivity, r, from the dc transfer characteristics

of a FET. Below we show that in case of a non-resonant

detection, the knowledge of the r(Vg) dependence itself is

sufficient to determine the source-to-drain photovoltage, DU,

induced by the THz radiation as a function of Vg.

We start from the Ohm’s law and the continuity equa-

tion for the voltage, U, and the current density in the

channel, j

j ¼ �r
@U

@x
; (1)

@q
@t
þ @j

@x
¼ 0: (2)

Here q is the channel charge density, which is proportional

to the voltage swing, U0, U0¼U�Uth: q¼C(U�Uth). The

proportionality factor, C is the gate-to-channel capacitance

per unit area and Uth is the threshold voltage. Combining

Eqs. (1) and (2) we obtain

C
@U

@t
� @

@x
r
@U

@x
¼ 0: (3)

This equation should be solved using the boundary condi-

tions for a long sample

Ujx¼0¼ Vg þ Ua cosðxtÞ; at the source; and (4)

U ! const; for x!1; at the drain: (5)

TABLE I. The main parameters of the transistors.

Transistor type Lg (lm) Wg (lm) meff/me l0 (cm2/(Vs))

GaN HEMT (Ref. 20) 0.25 100 0.2 1500

GaAs HEMT (Ref. 21) 0.15 50 0.067 8500

Si MOSFET N1, CMOS 130 nm 0.13 0.13 0.19 100

Si MOSFET N2, CMOS 130 nm

(Ref. 22)

0.13 0.25 0.19 100

FIG. 1. (Color online) Si MOSFET N1: Measured magnitude (a) and (c)

and phase (b) of the photovoltage (points) for different radiation modulation

frequencies (a) and (b) and different external load resistors (c) together with

model curves calculated from Eq. (15) (thin black lines) with the parameter

A¼ 1.25� 10�4 V2 and the detection limit calculated from Eq. (14) (thick

gray line, part (a)).
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In the above formula, Ua is the amplitude of the radiation

induced modulation of the source-to-gate voltage and x is

the angular frequency of the incident THz radiation. Follow-

ing the method of Ref. 14, we look for a solution of Eq. (3)

as an expansion in powers of Ua

U ¼ Vg þ U1 þ U2: (6)

Here U1(x,t) is the ac component proportional to Ua and

U2(x) is the dc component proportional to U2
a (we are not

interested in the second harmonic term�U2
a). In the first

order in Ua we obtain

C
@U1

@t
� r0

@2U1

@x2
¼ 0; (7)

where r0¼ r(Vg). The boundary conditions follow from Eqs.

(4) and (5): U1ð0; tÞ ¼ Ua cosðxtÞ; U1ð1; tÞ ¼ 0. The solu-

tion of this equation is

U1 ¼ Uae�jx cos xt� jxð Þ; (8)

where j2 ¼ xC
2r0

(the above boundary condition described

with Eq. (5) is only valid for a long sample, i.e., when jL�
1, where L is the length of the sample).

In the second order in Ua after time averaging over the

period 2p/x, Eq. (3) takes the form

@

@x
r0

@U2

@x
þ dr

dU

� �
U¼Vg

U1

@U1

@x

� �" #
¼ 0; (9)

which in particular implies the absence of a dc current. Inte-

grating this equation with the boundary condition U2(0)¼ 0

we obtain

U2ðxÞ ¼
U2

a

4

1

r
dr
dU

� �
U¼Vg

1� exp �2jxð Þð Þ: (10)

Finally, the photoresponse DU ¼ U2ð1Þ � U2ð0Þ is given

by

DU ¼ U2
a

4

1

r
dr
dU

� �
U¼Vg

¼ U2
a

4

d ln rð Þ
dVg

: (11)

If the mobility does not depend on the electron concentration

in the channel and the conductivity is proportional to the

voltage swing, U0, Eq. (11) reproduces the result of Ref. 14

for the non-resonant regime (xs � 1): DU ¼ U2
a=ð4U0Þ,

where s is the momentum relaxation time.

In general, in a plasma related detection one usually dis-

tinguishes four characteristic regimes, which were discussed

in more detail in Ref. 11. In the present article, we restrict

ourselves to the case of a non-resonant detection regime and

a long sample, for which the above model was derived. Our

transistors and experimental conditions were chosen so to

satisfy these assumptions. Non-resonant detection is the

most important case from the point of view of applications,

i.e., operation at room temperature and sub-THz frequencies.

This is mainly due to the availability of electronic sub-THz

sources operating at room temperatures. At lower tempera-

tures or higher frequencies of the incoming radiation, one

can reach the resonant detection.3,5,7,9 Here we limit the fre-

quencies and temperatures to be always in the non-resonant

case. Lowering the temperature in which the experiment was

carried out was a way to change the channel conductivity

(transfer characteristics) and to get an additional verification

of the model.

In order to check if the long sample condition, required

by the model developed above, is fulfilled in our experiment,

we estimate the damping length, l, of the plasma perturbation

and compare it to the gate length, Lg. According to Ref. 11,

l¼ s(s/x)1/2, where s¼ (eU0/meff)
1/2 is the plasma wave veloc-

ity. When we substitute s in the equation for l we get

l¼ (lU0/x)1/2, where l is the electron mobility. To make

some estimation we take U0¼ 0.01 V (detection signal is

maximal close to the threshold voltage), l¼ 0.1 m2/(Vs) and

x¼ 1.8 THz (�2p� 300 GHz). This gives l � 25 nm, which

is far less than Lg of the studied transistors (see Table I).

IV. RESULTS AND DISCUSSION

In Fig. 1, we present the registered photovoltage (PV)

signal, V, versus the gate voltage for the Si MOSFET N1.

Figures 1(a) and 1(b) show, respectively, the amplitude and

the phase of the measured signal for different modulation

frequencies, xm, in the absence of the loading resistor, RL.

Figure 1(c) shows the amplitude of the measured signal with

different loading resistances for two modulation frequencies

(133 Hz and 10 kHz).

As already mentioned, the registered signal, V, is deter-

mined by the real photovoltage, DU, resulting from the recti-

fication of the THz radiation (according to the model

presented above) and the loading effects that influence the

measurement of DU. To interpret the loading effects, we use

the equivalent circuit of the detector loaded with the mea-

surement setup (cables, connectors, and the preamplifier) as

shown in Fig. 2. Then we can write V as

V ¼ DU

1þ RCH=ZL
; (12)

where RCH is the channel resistance and ZL is the complex

load impedance of the setup determined by the relation

1

ZL
¼ 1

RIN
þ 1

RL
þ ixmCL: (13)

FIG. 2. Equivalent electrical circuit used to understand the loading effects.

Here V is the measured photovoltage, DU is the photoresponse of the transis-

tor, RCH is the channel resistance, CL is a parasitic capacitance, xm is the

modulation frequency, RL is the external load resistor (if present), and RIN is

the input resistance of the preamplifier.
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Here RIN is the input resistance of the preamplifier, RL is an

external load resistor, and CL represents the parasitic capaci-

tance of the measurement set-up. The inductance component

contribution to the load impedance was omitted, as in our

case it was negligibly small because of low modulation

frequencies.

From Fig. 1, one can see that with the decrease of the

gate voltage, the amplitude of the registered signal achieves

its maximum and then drops down. This can be easily under-

stood by analyzing Eq. (12). At high gate voltages,

Vg�Uth> 0, the channel resistance is small, the loading

effect is negligible, and the measured voltage signal V � DU
does not depend on ZL. It means that for large Vg, all the

detection curves tend to coincide (see Fig. 1(a)). At small

gate voltages, Vg�Uth< 0, the transistor is almost closed

and the channel resistance diverges. In this case, the meas-

ured voltage signal takes the form of V � DUZL/RCH and

decays exponentially to zero. The maximum of the voltage

signal amplitude is reached at the gate voltage such that

RCH(Vg)� |ZL|. Alternating the modulation frequency (Fig.

1(a)) or the loading resistance (Fig. 1(c)), we change the

loading impedance (Eq. (13)) and the position of the maxi-

mum shifts. The evolution of the signal phase (Fig. 1(b)) can

also be explained using Eqs. (12) and (13). At large Vg, we

have V � DU and the signal phase is zero. Then for lower

gate voltages, the phase is dominated by the ratio

1/(1þRCH/ZL) and finally, when the transistor is closed, the

signal phase equals to the phase of ZL. For high modulation

frequencies ZL � 1/(xmCL) and the phase of ZL equals �p/2.

For smaller frequencies, 1/(ixmCL) becomes comparable

with the input resistance of the preamplifier and the phase of

ZL is determined by the ratio between them.

We measured the dc transfer characteristics (Fig. 3) of

the FET in the absence of the THz radiation for small

source-to-drain voltage (1 mV) to experimentally establish

the relation between the non-resonant THz photoresponse

and the channel conductivity. In this situation, the photores-

ponse (Eq. (11)) takes the form

DU ¼ U2
a

4

d

dVg
ln IDS Vg

� �� 	
; (14)

where IDS(Vg) is the dc source-to-drain current dependence

on the gate voltage (dc transfer characteristic). Taking into

account the loading we find the final expression describing

the measured photovoltage

V ¼ A

1þ RCH=ZL

d

dVg
ln IDS Vg

� �� 	
: (15)

Here we denoted the unknown U2
a=4 scaling factor by A,

which is the only normalization parameter in our analysis.

Physically A is determined by the coupling efficiency of the

incoming radiation to the antenna together with a certain im-

pedance of the transistor. As we checked, A is proportional

to the power of incoming radiation, but a precise determina-

tion of this factor, especially at THz frequencies, is still an

unsolved problem. When fitting the maximum of the calcu-

lated photoresponse (using Eq. (15)) to the experimentally

measured curve for the Si MOSFET N1, we got the same

value of A for all the curves presented in Fig. 1,

A¼ 1.25� 10�4 V2. All other parameters were determined

experimentally and they were not fitting parameters. One

universal factor A shows, according to our model, that the

response signal, DU, stays the same (the coupling condition

does not change in particular) and the loading impedance

influences just the measured voltage response. The calcu-

lated photoresponse curves (V calculated in accordance with

Eq. (15)) are shown in Fig. 1 as black solid lines. The thick

gray solid line in Fig. 1(a) shows DU calculated from Eq.

(14) and corresponds to an infinite loading impedance (ZL!
1). As one can see, the measured photovoltage (points) and

the one calculated using the channel conductivity obtained

from the dc transfer characteristic (lines) are in a very good

agreement both in amplitude and phase for all modulation

frequencies and loading resistances.

The validity of our approach and the role of the loading

effects were independently confirmed by measurements done

with a dc voltmeter and a dc ammeter characterized by a

very high (of the order of TX) and a very low input imped-

ance, respectively. Photoresponse measurements done in a

different way are compared in Fig. 3. The voltage signal

measured with a lock-in amplifier is drawn as a thin black

line and the one measured with a dc voltmeter as a line with

squares. The lock-in signal is multiplied by
ffiffiffi
2
p

to take into

account that the lock-in measures the effective voltage. It is

enough because the excitation had a sinusoidal character due

to a large diameter of the incident beam, of the order of an

opening in the chopper. No other rescaling was used in Fig.

3. For the dc measurements, the chopper was turned on so to

have the same average radiation intensity as for the ac meas-

urements with the lock-in. The third detection curve (thick

gray line) was measured with the dc ammeter and then multi-

plied by RCH obtained from the dc transfer characteristics

(dashed line, right scale). For the high gate voltages, all three

curves coincide. In the case of the ac measurements for the

lower gate voltages, we can see that the voltage drops near

the threshold voltage, whereas for both dc curves, the photo-

voltage reaches a plateau, as predicted by Eq. (15) in the

case of a very high ZL (see the thick gray curve in Fig. 1(a)).

This is due to the fact that in dc measurements one can

FIG. 3. (Color online) Comparison of the detection signal of Si MOSFET

N1 measured at RL¼ 0 with different instruments: dc voltmeter (squares), dc
ammeter multiplied by the channel resistance (thick gray line), and lock-in

at xm¼ 133 Hz multiplied by
ffiffiffi
2
p

(thin black line). Right scale (dashed

line): dc transfer characteristics for 1 mV of source-to-drain voltage.
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neglect the capacitive load of the read-out circuit and the

impedance of the dc instruments is much bigger than this of

the preamplifier used in the ac lock-in measurements.

The presented results show that using our model and

taking into account the loading effects, one can fully

describe the experimental results for the investigated Si

MOSFET N1 (Fig. 1). Furthermore, we checked the validity

of the model in case of THz detection for various operating

temperatures for III-V HEMTs (GaAs, GaN) and for an addi-

tional silicon MOSFET marked by N2. The results are pre-

sented in Figs. 4–6. Figures 4(a), 5(a), and 6(a) show the dc
transfer characteristics and points in Figs. 4(b), 5(b), and

6(b) are the experimental photovoltage results. No additional

external loading resistor was used. One can see that with the

temperature decrease, the threshold voltage shifts to higher

gate voltages and the slope of the respective transfer charac-

teristic becomes steeper. This happens due to a decrease of

the carrier density and an increase of the carrier mobility,

respectively. The maxima of the photovoltage shift towards

higher gate voltages in the same way as the threshold voltage

does. The solid lines in Figs. 4(b), 5(b), and 6(b) represent

the photovoltage signal calculated from Eq. (15) with the

normalization parameter A. In all cases, the calculated signal

is very close to the measured photovoltage.

In the case of the broadband non-resonant detection, the

rectification of the THz radiation by FETs was also

explained by the so called resistive self-mixing.16 However

in the case of transistors with the gate longer than the plasma

damping length, the distribution of the charge density pertur-

bation along the channel is not linear. In this case the strict

resistive self-mixing approach is not valid. More detailed

discussion of the electronic and physics related approaches

to THz rectification can be found in Ref. 11. Only recently

the developed so called distributed self-mixing model16–18

can be used for numerical simulation of the THz rectification

FIG. 4. (Color online) GaAs HEMT: (a) dc transfer characteristics, IDS(Vg)

and (b) measured (points) and the calculated (Eq. (15), lines) photovoltages

at two temperatures: 275 K and 150 K with the parameter A¼ 7� 10�5 V2

and 5.2� 10�5 V2, respectively.

FIG. 5. (Color online) GaN HEMT: (a) dc transfer characteristics, IDS(Vg)

and (b) measured (points) and the calculated (Eq. (15), lines) photovoltages

at two temperatures: 250 K and 150 K with the parameter A¼ 1.24� 10�4

V2 and 1.84� 10�4 V2, respectively.

FIG. 6. (Color online) Si MOSFET N2: (a) dc transfer characteristics,

IDS(Vg) and (b) measured (points) and the calculated (Eq. (15), lines) photo-

voltages at three temperatures: 275 K, 225 K, and 175 K with the parameter

A¼ 1.41� 10�2 V2, 1.08� 10�2 V2, and 1.03� 10�2 V2, respectively.
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in FETs. Therefore, it is worth to stress that the theoretical

model presented here allows to predict the photoresponse

analytically—using as input information the easily measura-

ble or calculable static transfer characteristics.

VI. CONCLUSIONS

We would like to emphasize that our approach gives a

simple way to calculate the THz photoresponse not only

close to the maximal signal value but also in the whole range

of the gate voltage. It is worth to note that a very good agree-

ment between the measured and the calculated non-resonant

THz photovoltages was obtained also in the subthreshold

region, where the channel resistance grows exponentially

and the loading effects start to play an important role. The

successful interpretation of the results was possible because

of two new developments: (i) the theoretical model that

relates the THz responsivity to the change of the total con-

ductivity and not only to the change of the carrier density,

that eliminates necessity of a constant mobility assumption

and (ii) taking into account not only resistive but also capaci-

tive part of the loading impedance. This capacitive load is

especially important in the subthreshold range because the

high channel resistance leads to the important RC effects

even at low modulation frequencies.

With a proper design of a high input resistance preampli-

fier and a readout circuit, one can avoid the parasitic impedan-

ces and related loading effects in the case of a focal plane array

where a FET in each pixel works as THz detector. The THz

responsivity characteristics can be easily obtained, especially

in the case of the mature CMOS technology, in which the gate

leakages are negligible and it is possible to design the dc trans-

fer characteristics even before the manufacturing stage. The

approach described above will also help in designing new low

cost Si-CMOS based focal plane arrays for future THz imaging

systems.

In summary, in this work, we find a relation between the

non-resonant THz photoresponse and the dc channel conduc-

tivity of FETs. The proposed model is based on the

Dyakonov-Shur theory which describes THz detection as a

rectification of overdamped plasma waves excited in the FET

channel by the incoming THz radiation. Our model allows to

calculate the photovoltage dependence on the gate voltage

from the dc transfer characteristics that can be easily meas-

ured or simulated at the stage of a transistor design. The theo-

retical model completed by the loading effects gives a very

good description of the experimental results. Therefore the

approach described here gives the prospects for designing

new, FET-based focal plane arrays for the future THz imaging

systems.
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