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ABSTRACT

Field-effect transistors coupled to integrated antennas (TeraFETs) are photodetectors being actively
developed for the THz frequency range (~100 GHz — 10 THz). Among them, Graphene TeraFETs
(G-TeraFETs) have demonstrated distinctive photoresponse features compared to those made from
elementary semiconductors. For instance, previous studies have shown that G-TeraFETs exhibit a THz
response that comprises two components: the resistive self-mixing (RSM) and photothermoelectric
effect (PTE). The RSM and PTE arise from carrier density oscillations and carrier heating, respectively.
In this work, we confirm that the photoresponse can be considered a combination of RSM and
PTE, with PTE being the dominant rectification mechanism at higher frequencies. For our CVD
G-TeraFETs with asymmetric antenna coupling, the PTE response dominates over the RSM at
frequencies above 100 GHz. We find that relative contribution of RSM and PTE to the photoresponse
is strongly frequency dependent. Electromagnetic wave simulations show that this behavior is due
to the relative change in the total dissipated power between the gated and ungated channel regions
of the G-TeraFET as the frequency increases. The simulations also indicate that the channel length
over which the PTE contributes to the photoresponse below the gate electrode is approximately the
same as the electronic cooling length. Finally, we identify a PTE contribution that can be attributed to
the contact doping effect in graphene close to the metal contacts. Our detectors achieve a minimum
optical noise-equivalent power of 101 (114) pW/v/Hz for asymmetric (symmetric) THz antenna
coupling conditions at 400 GHz. This work demonstrates how the PTE response can be used to
optimize the THz responsivity of G-TeraFETs.

Keywords graphene, field-effect transistor, terahertz detection, TeraFET, photodetector, photothermoelectric effect,
resistive selfmixing
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1 Introduction

Device physics and technologies in the THz frequency range (roughly defined as 100 GHz to 10 THz) have attracted a
considerable research interest over the last decades. The technological exploitation of this frequency range is primarily
driven by a variety of applications|[1], such as security screening [2} |3} 4], quality control and non-destructive testing
(5116171 18], spectroscopy of molecular compounds in atmosphere and space [9, 110l [11]], biomedical sensing and imaging
[[12} 13], and high-speed communications [14,[15]. The THz range is also fertile ground for fundamental studies of
carrier dynamics [16} [17] and quasi-particle physics in general [18}[19,20]. Access to the THz frequency range and
applications requires tunable and powerful sources and fast and sensitive detectors. These should be cost effective,
compact, integrable into arrays, and compatible with room temperature operation and mainstream semiconductor
manufacturing processes. In this context, THz field-effect transistors (TeraFETs) have evolved from the early proofs
of concept [21}, 22}, 23] to a promising family of THz detectors, competing with the more established diode-based
detectors [24} 25, 26]]. In particular, they achieve high sensitivities with optical noise-equivalent powers (NEPs) as low
as 20 pW/y/Hz [27] (see also table and sub-nanosecond detection speed [28} 29, 130]], which also makes them suitable
for coherent heterodyne detection [311 32} 33].

Over the last fifteen years, TeraFETs based have been developed and studied, initially focusing on classical semiconduc-
tor material systems such as Si [34} 35, 36]], AlGaN/GaN[37, 138,139, 40], AlGaAs/GaAs [41}142]43]], and InGaAs/GaAs
(44,121} 145]]. Si MOSFET based devices continue to be among the TeraFET detectors with the highest sensitivity at room
temperature over most of the THz spectral range[46), 47, 37, 148]]. They benefit from mature CMOS fabrication, which
ensures high fabrication yields and excellent reproducibility of the detector performance, conditions that make them
well suited for implementation in cameras and integrated systems[34} 49, 50]. More recently, TeraFET studies have
been extended to 2D van der Waals materials such as mono- and bilayer graphene[S51} 28,152} 153} 1541155/ 156} 157, [22]],
black phosphorus[38], and BisTes_, Se,.[39], with the hope of achieving improved detector performance by exploiting
the unique properties of 2D materials, such as high carrier mobility. For G-TeraFETs, significant efforts have already
been made to improve the detector sensitivity, e.g. by employing exfoliated monocrystalline graphene and encapsulating
it in layers of monocrystalline hexagonal boron nitride (hBN) to reduce interface and phonon scattering. The best
reported NEP value for a THz detector based on van der Waals materials to date is for a thermoelectric graphene
detector. A NEP value of 80 pW//Hz (cross-sectional NEP has been obtained at 2.5 THz for operation at room
temperature (see table [I)).

The underlying THz detection mechanism of TeraFETs made from classical semiconductor materials is typically
resistive self-mixing (RSM), which is induced in the two-dimensional electron gas (2DEG) of the FET channel
[611162, 163, 136] by the THz radiation asymmetrically injected into the channel from the source (S) or drain (D) contact.
This results in a rectified drain-to-source current (or voltage) proportional to the power of the THz signal. At low
frequencies, the mixing is described by a quasi-static response of the FET, but at high millimeter-wave frequencies
and for THz waves the channel can no longer be treated as a lumped element but must be considered as a non-linear
waveguide. The rectification process is then often referred to as distributed resistive self-mixing[62] and the efficiency
of the rectification by RSM is expected to increase in the THz frequency range due to the development of plasma waves
(plasmons) in the gated region of the 2DEG.

Interestingly, already during the first realization and characterization of G-TeraFETs, it became clear that, besides RSM,
the so-called photothermoelectric effect (PTE) contributes significantly as a second rectification mechanism [56} 22} 64].
The PTE results from local heating of the carriers due to the THz field. The carriers remain thermally decoupled from
the crystal lattice over relatively long time scales, as the electron-phonon relaxation pathway of the carrier ensemble,
which is only weakly heated by the THz radiation, is reduced to predominantly slow processes such as acoustic phonon
scattering (~1-2 ps)[65} 166, 167, 168}, 169] (the emission of optical phonons being strongly limited by their high energy
of 160 meV|[70], to be compared with the thermal energy scale of kgT" ~ 25 meV). Carrier-carrier scattering takes
place on time scales of <20 fs[71[72}[73,[74] leading to a fast re-establishment (on sub-100-fs time scales) of a thermal
carrier distribution at temperature T > T, (17, is the lattice temperature). When carriers in graphene are photo-excited
inhomogeneously, the resulting spatial gradients in carrier temperature lead to thermoelectric voltages. In contrast to
the classical Seebeck effect, for which T ~ 17, this is a purely electronic thermoelectric effect, which has led to the
term hot-carrier thermoelectric effect, or PTE in the case of photon excitation drive [57} 75, 54} [76].

Since G-TeraFETs can in principle benefit from two rectification mechanisms being active simultaneously, it is necessary
to understand their respective frequency-dependent contributions to the THz detector signal in order to design and

'One distinguishes between optical and cross-sectional responsivity and NEP[37,160]. The optical voltage or current responsivity
is obtained as the measured rectified voltage or current divided by the (total) power of the THz beam measured in front of the
detector. The cross-sectional current or voltage responsivity is used when the antenna cross-section is smaller than the beam size.
The cross-sectional responsivity is calculated as the optical responsivity multiplied by the ratio of the (measured or calculated) beam
cross-sectional area at the antenna to the (calculated) antenna cross-sectional area[46]].
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realize the next generation high-performance G-TeraFET sensors. In this Work, we address this issue and present a
THz characterization of CVD G-TeraFETs by using a methodology that reveals RSM and PTE response contributions
independently. This is achieved by comparing photoresponses obtained with symmetric antenna coupling (SAC) and
asymmetric antenna coupling (AAC) schemes. Our graphene devices were fabricated by a wafer-scale process of
Ref. [77], which was developed to improve the reproducibility and scalability of graphene device fabrication, thus
allowing reliable comparison of neighboring devices with different designs. We show that the detector sensitivity of the
G-TeraFET devices with the SAC design is dominated by the PTE and that their performance is comparable to that of
devices with the AAC layout. For the AAC design, we find that the contribution of the RSM to the measured detector
signal decreases dramatically with increasing frequency compared to the contribution of the PTE; the ratio is 1:1 at
100 GHz and 1:5 at 1000 GHz.

2 Identification of the rectification mechanisms by device geometry

To distinguish the PTE and the RSM contributions in the photoresponse of G-TeraFETs, we designed and fabricated
detectors with two different antenna coupling schemes, AAC (Fig. [I[(a)) and SAC (Fig.[I|c)), following the approach of
[28]]. Both types of detectors use the same bowtie antenna with a radius of 120 um coupled to a single- or double-gated
graphene channel with a length of 2.7 ym and a width of 2 ym at the center of the antenna. In the AAC design one
antenna leaf leads to the S electrode of the graphene FET, and the other — in a split antenna configuration — to the top
gate (TG) and D electrodes, see Fig.[I[a) and Fig.[I{b). The split results in capacitive coupling between the D and TG
leaves of the antenna, shunting them to the same AC potential. As a result of the capacitive shunting, the THz electric
field oscillates between the S and TG electrodes (see color-coded overlay of the field amplitude on the SEM image in
Fig.[I[b)). The oscillating THz field leads to (i) carrier heating and a PTE signal (indicated by the color shading in
Fig.[I[b)), and (ii) excitation of plasma waves (indicated by the white wavy line), accompanied by the build-up of a
rectified voltage due to the RSM.

The SAC device is shown in Fig.[T[c) and Fig.[T[d) and is optimized for photothermoelectric effect rectification. The
SAC antenna layout has two top gate (TG) electrodes — TG 1 and TG 2 — to tune the conductivity of the two gated
regions of the graphene channel separately and create a p-n junction. The THz electric field is mainly confined to the
central channel region between the two top gates (see plot of the simulated field distribution superimposed on the SEM
image of the device in Fig. [T[c) and Fig. S6(c),(d) in the Supporting Information). Both antenna leaves have splits that
shunt the TG 1 with D and TG 2 with S. This minimizes out the RSM response in SAC (the plasma waves propagate in
opposite directions and the rectified voltages are of opposite sign) G-TeraFETs, while keeping the antenna geometries
and channel dimensions for both designs are as similar as possible. The width W and the total length L of the channel
(distance between S and D) are the same for SAC and AAC, being W = 2 ym and L = 2.9 um. For AAC, according
to Fig. []] [b) L =Lgac = Lgaac +2- Lyg, with Ly gac = 2.5 ym and L,,; = 0.2 um. For SAC, as shown in
Fig. Ekd) L=Lsac=2-Lgsac+3-Luyg=Laac,with Lg sAc = 1.15 um. We fabricated additional AAC-type
devices with different values of L4 (L4 = 0.1, 0.2, 0.3 um) in order to study the influence of the ungated segments
of the channel (for results see Fig. [3(a)). We optimize the responsivity of AAC- and SAC-type devices by using a
high resistivity (undoped) Si substrate, thus reducing the absorption losses in the substrate (see Fig. | and Fig.[5] and
Discussion).

In the following, the two rectification phenomena are discussed in more detail for each detector design, first PTE and
then RSM. Electromagnetic wave (EM) simulations with CST Studio Suite identify the regions, where the THz field
drives a high-frequency current and thus heats the carrier ensemble in the graphene sheet. The inhomogeneity of the
THz field leads to spatial gradients in the carrier temperature 7> as indicated by the red (hot, T~ > T7) to blue (cold,
Tc = Tt,) color-coded overlay on the plots of the graphene sheet in Fig. [I{b) and Fig.[T(d). The temperature-dependent
change in local Fermi energy causes the carriers to diffuse away from the hot region.

In the AAC case, the graphene sheet together with the S and D electrodes forms a thermocouple with two junctions at
the graphene-S and graphene-D interfaces, where the carriers of the first junction are heated, while the second junction
remains cold. Under steady-state conditions, the diffusion current leads to the formation of a PTE voltage Uprg
(Seebeck effect) between D and S, which under open circuit conditions can be approximated by [28 [54]]

P oTe(x)

S(x)d
s or D@ )
~ ATc - (S1e' = Se(Ucs))

Upre =

where AT = (T’“)t Ty), with Ty = Ty, (= 293 K). Here, the heated ungated region and the remaining part of

the transistor channel are considered as two lumped elements. S;(Ugs), the Seebeck coefficient (thermopower) of
the gated graphene channel, can be controlled by the TG voltage Ug g, while the Seebeck coefficient of the ungated
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Figure 1: (a,b) Asymmetric Antenna Coupling (AAC). (a) Micrograph of the single-split bow-tie geometry and
magnified image of its central region obtained by scanning electron microscopy (SEM). “S” denotes source, “D” denotes
drain, and “TG” denotes top gate. The color-shaded overlay on the SEM image represents the simulated THz electric
field distribution at 400 GHz calculated with the Maxwell solver CST Studio Suite. (b) Cross-sectional schematic view
of the central region of the device to illustrate the PTE and RSM rectification processes. The red color superimposed on
the graphene sheet (indicated by the white line and dots) shows where the THz field collected by the antenna heats
the charge carriers in the graphene and induces a PTE. The white waves represent plasma waves induced by the THz
field. They are associated with RSM. (¢,d) Symmetric Antenna Coupling (SAC). (c) Micrograph of the detector with
double-split bow-tie antenna and SEM image of the channel region with a color-coded overlay showing the THz field
amplitude at 400 GHz. (d) Schematic illustrating the rectification processes. (e) Image of a 6" Si/SiO9 wafer with
finished TeraFETs. (f) Measured drain-to-source resistance Rpg of an AAC and a SAC device. The legend indicates
which gate voltage is tuned (TG or the BG in the case of the AAC device, or either one of TG 1, TG 2 or BG in the case
of the SAC device). Open green dots represent BG measurements, the curves are plotted against the scaled BG voltage
Ubea =Usa - (Coz,Ba/Coz,rc)). Inset: Measured transconductances g,,, as a function of the TG voltages.

segment of the graphene channel has a fixed value Sy, ~ S, (0 V). It is important to note, that the Seebeck coefficients
and thus Upr g also depend on the back gate (BG) voltage U, which is not explicitly expressed in the equation. The
same is true for the conductivity and the Fermi energy in the following equations. The Seebeck coefficient S, (Ugs)
can be calculated from the semiclassical Mott formula for degenerate semiconductors according to [28], 54}

_7r2kBTL dln(c(Ugs)) 0Ugs
3e OUgs  OEp’

Sy(Ugas) = 2)

where e is the elementary charge, 0(Ugs) the electrical conductivity of the channel, and Er the Fermi energy
in the gated region of the graphene sheet. It is difficult to accurately determine o(Ugg) for a given device. We
obtain an approximate Ugs-dependent value from the measured drain-to-source resistance Rps(Ugs) via 0(Ugs) =
(Rps(Ugs))~t- (W/L). Rps includes the resistance contribution of the ungated regions and the contact resistances.
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Figure 2: (a) Measured optical voltage responsivity R{/ of G-TeraFETs with symmetric antenna coupling (SAC, left
panel, red) and asymmetric antenna coupling (AAC, right panel, green). The calculated photoresponse for resistive
self-mixing (RSM, dotted lines, calculated with Eq. (3)) and photothermoelectric rectification (PTE, dashed lines,
calculated with Eq. (I) together with Eq. (Z)) are also shown. (b) Measured and calculated optical responsivities.
The calculated curves were obtained by fitting a linear combination of the theoretical RSM and PTE photoresponses
(RSM+PTE, dash-dotted lines) to the measured curves. In the case of AAC, the second sign change of the photoresponse
is indicated by a vertical green dashed line.

Er in Eq. (@) is calculated by [78]]

EF = hUF \/T‘-Cow,TG |UGS - UDirac|/e
: Sgn(UGS' - UDirac)~

3

Here, vp is the SLG Fermi velocity and Up;rq. the Dirac voltage. C,; ¢ denotes the capacitance per unit area of
the TG. In the SAC case a pair of thermocouples is formed, i.e., a thermopile with two segments, one on each side of
the graphene channel. On the right side (TG 1 and D), one thermocouple consists of the heated junction between the
central ungated graphene and the cold junction at the D contact side TG1-graphene—D, similar to the AAC case. The
second thermocouple, on the left side (TG 2 and S) of the graphene channel, is formed between the cold junction of
S—graphene—TG?2 and the heated junction between TG 2 and the central ungated graphene. The two thermocouples
are oriented opposite to each other. One gets a net diffusion current and Uprp # 0 V only when TG 1 and TG 2 are
differently biased. Under unequal TG bias conditions, the resulting thermovoltage of the SAC thermopile is given by

Upts ~ ATc - (St — Stet) 4)

where Stz and St represent the TG voltage dependent Seebeck coefficients in each gated graphene region (TG 2
and TG 1). If TG 2 is set to ground potential (Sra2 = Sug), thus cancelling the thermoelement on the left (S) side, one
retrieves the AAC case with ULSL ~ ATe - (S{f;t - STGl). Consequently, when TG 1 is set to ground potential, the
expected thermovoltage of the SAC photodetector can be calculated from ULG2 ~ ATc - (Stas — Sﬁgt).

We now turn to the RSM effect. It is present in a single-split bow-tie geometry of the AAC layout because the THz
radiation is asymmetrically coupled to the transistor channel. Under such conditions, rectification occurs by resistive
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mixing at any frequency of the THz wave — at sufficiently high frequency influenced by a plasma wave which is excited
in the channel as shown in Fig. b)[62, 81]]. The rectified RSM voltage as a function of the TG voltage Ugs can be
estimated by[82] 22]

U%HZ>2 9ln(o(Uss)) )

2 dUgs

where U#, . is the voltage amplitude of the THz signal between S and TG. Eq. (5) is valid under two conditions: (i) the
long-channel condition must hold, which is fulfilled here[83]] (s - 7, < Ly aac, where s is the phase velocity of the
plasma wave and 7, the decay time of the plasma wave, which is identical to the momentum relaxation time of the
charge carriers), and (ii) the radiation frequency must be in the regime of overdamped plasma oscillations (w - 7, < 1,
with w = 27 fp ., where nonlinear self-mixing effects of the induced plasma waves are not yet active [37} 62| [36])).
For the frequencies of our measurements (frg. up to 1.2 THz), the 2nd condition is also fulfilled, since 7, ~ 60 fs
[83]. Note that the performance of the G-TeraFET due to the rectification by resistive self-mixing can also be modeled
by means of Volterra series approaches[84, [85].

In case of the SAC design, no net RSM signal is obtained as long as the two top gates are equally biased (relative to
Ubirac)- If this is not the case, one can employ Eq. (8 for each side of the central ungated region and calculate the net
URS M value.

Ursm = (

3 DC and THz characterization

3.1 DC transport properties

In Fig. f), we present the DC electrical transport characteristics — the drain-to-source resistance Rps = Upgs/Ips
and the transconductance g, = AIpg/AUgs (shown in the inset) — as a function of either the TG voltage Ugs or the
back gate voltage Up for a device of AAC or SAC design, respectively (for device fabrication, see Methods section).
During the recording of each curve, only one electrode was biased as specified in the legend of the graph — either TG or
BG in the case of the AAC device, or TG 1, TG 2 or BG in the SAC case, while the other gate electrode(s) was (were)
set to ground potential. For ease of comparison, we plot the curves obtained by varying the BG voltage, as a function of
a scaled voltage Uy = Upg - (Coz,Ba/Coz 1), Where Cop 7 and Coy e represent the TG- and BG-to-channel
capacitances per unit area, respectively. All devices on the wafer exhibit similar electrical transport characteristics —
Dirac voltages Upjqc close to -0.8 V, peak channel resistances around 7 k€2 — for both device designs (AAC and SAC).
We attribute this to the high homogeneity and reproducibility of the wafer-scale fabrication process including the global
transfer of CVD graphene to the entire wafer.

The field-effect mobilities p1rg . and ppg ;, for electrons and holes, the contact resistance ¢ and the residual carrier
concentration ng of the AAC device can be obtained from the measured Rps(Ugs) curve using Eq. @]) given in the
Methods section as a fit function. Fig.[I(f) shows a fit of the dependence of Eq. (9) to the measured TG Rpgs curve
of AAC using the parameter values Ly aac = 2.5 um, L,y = 0.2 um, Cop7g = 0.37 wFem™2, Upirae = —0.8 V.
One obtains from the fitting: ppg . = 1631 cm?/Vs, ppp p = 1257 cm?/Vs, Re = 1205 Q, ng = 4.54 - 10! cm 2.
These values are consistent with the values reported for a CVD G-TeraFET using a similiar device layout in [56]].

3.2 Frequency dependency of the responsivity

Following the DC electrical characterization, each TeraFET was characterized in the THz frequency range 0.1-1.2 THz.
The optical voltage responsivity R{Y = AUpg/Pr;, was determined from the rectified voltage AUpg and the total
THz beam power P;%;  measured in steps of 100 GHz as a function of the bias voltage applied to the respective gate.
Results are shown in Fig. @ In the case of the AAC device, this was either TG or BG, in the case of the SAC device
either TG 1 or TG 2, while the other gate electrode was set on ground potential.

In Fig. a), we present {7 at 100 and 1000 GHz for the SAC- and AAC-type devices which were also used for the
measurements of Fig. Ekf). The vertical dashed lines mark the Dirac voltage Up;yqc. Fig. Eka) also shows theoretical
predictions for the photoresponse based on the RSM mechanism and the PTE mechanism. The unknown prefactors of
Eq. lb and Eq. , indexed by 0 here — AT in case of PTE and (U§1H270)2 in case of RSM —, are fixed by letting
the calculated curves go through the point with the largest magnitude of the detected signal (for these devices, this is
for negative values of i}%?/p observed at the hole conduction branch — left of Up;,.q. — for values of Ugg close to -1 V).
When we consider the TG 1 SAC photoresponse, one finds that the measured curves are better approximated by the PTE
model than the RSM model. The same holds for the TG AAC photoresponse at 1000 GHz, but not at 100 GHz. For BG
biasing we observe a deviation from RSM-type rectification, which is is especially visible on the electron-conduction
side of the gate bias (positive Uj, — Upirac). We explain the deviation by a PTE contribution to the rectified voltage.
For PTE to contribute, there must be an asymmetry in the Seebeck coefficients. Indeed, the literature reports that the
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Figure 3: (a) Ratio of the extracted responsivities 77 5, /R prpp (left vertical axis) for AAC-type devices (green)
and a SAC-type one (red for biasing via TG 1 and blue for TG 2). For comparison: CST-simulated ratio of the total
surface power loss density attributed to RSM vs. that attributed to PTE (yellow, right vertical axis; see main text for
details). (b) Frequency dependence of the calculated RSM and PTE signals, expressed by the respective prefactors
(U%ZHZ)2 (full green dots, unit in centi-volt (cV) squared) and AT (full red dots for biasing via TG 1 and full blue
dots for TG 2). Open yellow diamonds: Power P77, of the THz beam measured at the detector position. Solid lines:
Estimated prefactors (U%;,)? for the RSM signal of AAC TG (green) and AT for the PTE signal of SAC TG 1 (red)
determined from P;,;  and antenna simulations. (c) Calculated normalized surface power loss density Pp(z,w) along
the graphene channel (x-direction) as a function of THz frequency for a AAC-type device with L, = Ly gsac = 2.5 ym
and L., = 0.2 ym. The calculation was performed with the CST Studio Suite. The inset depicts a SEM picture of the
AAC detector’s channel region overlayed by the simulated field distribution at 400 GHz and the coordinate system
(shown in red). The red dashed vertical line (at x = 0.5 pum, AL = 0.3 pm) marks the effective PTE penetration length
in the gated channel region. (d) Measured normalized detector responsivity for the AAC coupling scheme in the case of
TG tuning (solid lines) and BG tuning (dashed lines) and the calculated RSM photoresponse using Eq. 5] (dotted line)
for different THz frequencies.

Fermi level of graphene is tuned differently by a BG depending on whether there is an additional metal layer on top
of the graphene or not[86]. The metal pins the Fermi level of graphene, leading to contact doping in the vicinity of
the metal contact. It has been shown by near-field scanning optical microscopy measurements that this contact doping
effect extends 0.2 to 0.3 pm into the graphene channel[87]. This suggests that there is a Seebeck difference even for
BG operation, which leads to an asymmetric carrier diffusion in graphene and a concomitant build-up of a PTE voltage.
Coming back to the fitting of all R/ curves, we now address the question whether a combination of both rectification
mechanisms better describes the measured photoresponse than each single effect. We follow an approach similar to
that in [52]] and express the total photoresponse signal AUpg as a linear combination of calculated RSM and PTE
rectification contributions:

AUps,c.(Ugs,pa,w) =
Xrsm (W) - Ursm (Ugs,Ba,w) (6)
+ Xpre(Ww) - Upre(Ugs,Ba,w),
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where the frequency-dependent, but voltage-independent fit parameters X gops(w) and X prg(w) are obtained by
least-mean-square fits to the measured photoresponse. The prefactors AT¢ o and (UT He, O) of Urspy and Upr g are
those of Fig. fa).

In Fig.[2 b) we present measured R{7 curves with TG voltage tuning (those of Fig. a) plus additional ones for SAC
with biasing of TG 2), and overlay them with the best fit curves (RSM+PTE).

They were calculated by

AUYDS,C.
Pl @)
%VPRSM + §RV PTE>»

R, (Ucs,pc,w) =

where we introduced the intrinsic calculated responsivities of the RSM and the PTE rectification processes via

§R€/ZjRSM(UGSvBG’ w) = Xgrsy - Ursn/Prhy, 8)

RY pre(Ucs,pa,w) = Xpre - Upre/ Pl
We observe a near-quantitative agreement between the RSM+PTE curves and the measured photoresponses for both
detector layouts, and clearly a significantly better agreement than is obtained with each rectification effect alone in
Fig.[2(a). For the AAC device, even the second sign change of the photoresponse — besides the sign change at the Dirac
point — is correctly reproduced by the RSM+PTE curves. The good agreement implies that the total THz photoresponse
of G-TeraFETs can with good confidence be broken down to a linear combination of RSM and PTE. And apparently
both models are valid over the covered range of bias voltages and THz frequencies.
We have repeated this kind of analysis for a number of frequencies (from 0.1 to 1.2 THz in steps of 100 GHz)
and for several devices including AAC-type devices with various values of the ungated channel length L, (L4 =
0.1, 0.2, 0.3 pm). Results for several AAC and SAC photodetectors are shown in Fig. [[(a). We plot the frequency-
dependent RSM-to-PTE responsivity ratio %77 5, (w) /R pp(w). The tilde accent stands here for a special choice
of the gate voltage, which was applied either to TG, BG, TG 1 or TG 2. For each device and choice of gate electrode,
we first determined the gate voltage which yielded the highest responsivity value at 400 GHz. This gate voltage was
then maintained also for all other frequencies.

In Fig. a) it is clearly seen that all AAC photodetectors exhibit a similar roll-off of 8‘%“’}7 rsm/ %V prg With frequency.

At 100 GHz, RSM and PTE are of similar strength, but with increasing frequency, PTE becomes more and more

dominant. The behavior is weakly dependent on the value of L,,4, as one finds when considering the ratio
%f/{’RSM(lOO GHZ)/S‘EQ}TPTE(IOO GHz)

R rsar (500 GHz) /RF prp (500 GHz)

which yields a value of 2.5 for L,y = 0.3 pm, 3.2 for 0.2 ym and of 3.8 for 0.1 um. Interestingly, we also observe
such a roll-off with frequency for the BG measurement, which we attribute to the contact doping effect [87, 88] that
leads to the metal-contacted SLG/SLG PTE discussed above. Without this doping effect, one would expect a dominant
RSM over the PTE, since the Seebeck difference between the ungated and gated channel regions is not altered when
a BG voltage is applied globally to the entire graphene channel (see also Supporting Information, S4). Note that the
metal-contacted SLG/SLG PTE effect is particularly pronounced in our AAC-type detectors as our heated ungated
channel gap length (L4 ~= 0.1 — 0.3 um) is of same order as the length scale of the metal contact doping effect[87]].
We have found further experimental evidence that the Seebeck coefficient of the ungated channel region Sﬁgt in our
AAC-type detectors is partially influenced by this contact doping effect. For further details we refer the reader to the
Supporting Information (sections S4 and S8).

For the SAC-type device, the ratio %V rsn W)/ %V prp(w) is always close to zero, as expected. In the SAC layout,
the RSM contribution, compared with the PTE one, is significantly reduced by design, as discussed above. Note that for
higher frequencies, the extracted responsivity ratio turns to negative values due to negative values of X pgps at these
frequencies. Here, the least-mean-square fit routine suggest a negative RSM contribution to the detected signal of SAC,
which may arise whenever the net RSM signal between TG 1 and TG 2 is of opposite sign with regard to the PTE signal.

We now investigate the frequency dependence of the rectified voltages of the two mechanisms, and how they scale
with the frequency dependence of the power of the radiation source used. The frequency dependence of the RSM
contribution to the rectified voltage is contained in the product (U, )? = Xgsar - (Ufly. o), while that of the
PTE contribution is in the product AT = Xprg - ATc,. Fig. Ekb) displays these two quantltles as a function of
frequency. For comparison, we also plot the frequency dependence of the power P7%, of the THz beam. The power
roll-off is typical for the radiation source, a Toptica TeraScan 1550 spectroscopy system. Comparing the slopes of
the power roll-off and of the prefactors, one finds a good agreement — except below 400 GHz (marked by vertical
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black dashed line). We attribute this to a poor impedance matching between the detectors’ antennae and transistor
channels below 400 GHz, which becomes worse with decreasing frequency (see Fig.[5(a)). Next, we check whether
the observed frequency dependence and the overall magnitude of the extracted prefactors are reasonable for the given
incident THz power P;%;_. For this purpose we calculated (U%;,)? for AAC TG and AT¢ for SAC TG 1 based on
antenna simulations of each detector layout. Optical losses due to substrate absorption and reflection at the silicon
lens as well as the impedance mismatch between the antenna (cp. Fig.[5(a)) and the graphene channel are considered
for the calculation. The increase of the carrier temperature (A7) due to the THz power dissipated in the antenna
gap is estimated from the steady-state carrier heating equation[89]]. For further details the reader is referred to the
Supporting Information (section S9). We find semi-quantitative agreement in magnitude and roll-off behavior between
the theoretical calculations and the extracted prefactors, suggesting that the fitting approach used in this work provides
reasonable physical orders of magnitude for the prefactors of both rectification processes.

3.3 THz power dissipation - origin of the dominance of PTE

In order to better understand the origin of the observed roll-off of the %V rsm/ %OV’jPT , Tatio of the AAC-type devices,
we performed EM wave simulations (CST Studio Suite) of the full antenna structure with S, D and G electrodes and a
graphene layer buried under a 20-nm-thick Al,Os3 insulator layer.

Next, we determined the power dissipated in the graphene layer at the respective channel position using the surface loss
density (SLD) function of CST (for further details, see Methods section). In Fig. EKC), we plot the normalized SLD
Pp(z,w)/max(Pp(x,w)) for an AAC-coupled device with L,; = 0.2 pum and L, = 2.5 pum excited at various THz
frequencies. x is the coordinate along the transistor’s channel, with x = 0 marking the transition from S electrode to
the ungated graphene (see Fig. [3(c)). The SLD is highest in the ungated graphene, and steadily decreases when entering
the gated graphene from S side and proceeding towards D electrode. Remarkably, one observes a faster decrease of the
SLD along the gated graphene when the THz frequency is increased. Since the SLD represents the loss of power of the
THz plasma wave in the graphene, the faster SLD decay stands for a faster decay of the plasma wave.

We now utilize the information about Pp(x,w) to estimate how strong the rectification by PTE should be relative
to that by RSM. In order to do so, we assume that the rectified voltage scales with the total power dissipated in the
respective spatial regions where the rectification occurs. In case of the RSM mechanism, this is the gated part of the
channel. With regard to PTE, rectification occurs in the ungated channel region and in the gated part of the channel
down to an unknown effective length A L. In what follows, we furthermore assume AL to be independent of w. Based
on these suppositions, we first integrate the SLD along the gated channel region, and then divide the resulting quantity
by the integral over the SLD from = 0 to x = L,,4 + AL. The resultant ratio should be directly proportional to the

measured 8?“)}7 ron/ %?PT  ratio if the assumption stated above is correct.

In Fig. Eka) we plot the SLD-integral ratio as a function of frequency. One can directly compare the results with the
measured §RV rsm/ §RV prp Tatio of the corresponding AAC-type device with Ly, = 0.2 pgm and TG biasing. We
find excellent agreement of the frequency roll-off of the two ratios if we choose AL = 0.3 ym. This finding has three
implications: (i) It supports the basic validity of the underlying assumptions. (ii) It yields an effective length of 0.3 um,
to which the gated channel region contributes to PTE. (iii) And most importantly, the increasing domination of PTE
over RSM for rising radiation frequency is a consequence of the change in the power dissipation profile alongside
the graphene channel when the frequency increases. The penetration length AL to which the PTE contributes to
the detector signal below the gate electrode is closely related to the electronic cooling length L. [90, 91} 88|, which
scales sublinearly with the charge carrier mobility, and determines the length scale over which the heated carriers
(here the carrier heating mainly occurs place in the antenna gap) cool down to the lattice temperature 77,. For our low
carrier mobility samples, where the mobility is ranging from ppg , &~ 1250 cm?/Vs up to pipg . ~ 1600 cm?/Vs,
an electronic cooling length of L. ~ 0.35 pm and L. . ~ 0.38 um is predicted from theory [91]]. This corresponds
roughly to our assumption for AL. To investigate the influence of carrier mobility on the RSM-to-PTE ratio of the
G-TeraFET, we performed further EM wave simulations assuming different momentum relaxation times 7, ranging
from 60 fs (CVD-grown graphene) up to 300 fs (exfoliated graphene encapsulated in hBN). The simulations show that
the higher the carrier mobility (higher values of 7,,) the more THz power is dissipated in the gated transistor part (see
Supporting Information Fig. S4), which could give rise to a larger RSM-to-PTE ratio in high mobility graphene THz
detectors with AAC-type layout.

Building on these computational findings, we want to add two observations here, which help to roughly estimate the
relative importance of PTE, when inspecting a gate-voltage-dependent responsivity curve. Fig.[3(d) displays such
curves for the AAC-type device with L, ; = 0.2 um. Results are shown for several frequencies and for both TG and
BG biasing. All curves are normalized to the peak absolute value of the respective responsivity curve. For the measured
curves, this peak value always lies on the hole-conduction side of the gate voltage. The dotted black line is a calculated
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Figure 4: (a) Measured drain-to-source resistance Rpg and (b) optical voltage responsivity R at 400 GHz of a
G-TeraFET with SAC as a function of the gate voltages applied to both TG 1 and TG 2 (cp. Fig.[I[d)). (c) Calculated
optical voltage responsivity at 400 GHz obtained from Eq. (I). The black dashed lines (which are the same in (b) and
(c)) mark the positions of the signal sign change in the measurements of (b).

one for RSM detection alone for TG operation, obtained with Eq. (5). The first observation which we want to point
to, relates to the maximum of each normalized curve on the electron-conduction side. It is obvious that the value of
this maximum decreases, if PTE becomes more important. The second observation relates to the zero crossing on the
electron-conduction-side of the curves. For a pure RSM signal, one does not observe such a sign change. This is also
the case for the measured curves with BG tuning, where the RSM contribution to the signal is large (see Fig. [3[a)).
However all curves with TG biasing exhibit a sign change. The stronger the PTE is relative to RSM, the more the bias
voltage, where the sign change occurs, shifts to lower values.

3.4 Maximized thermoelectric detector response

To reduce the THz losses through the substrate and maximize the detector performance the same detectors were
manufactured on a high resistivity Si substrate with the specific resistance >10 k{2cm, compared to previously used Si
substrate with the specific resistance of 10-20 {2cm which facilitate the BG functionality. The results of the extensive
characterization measurements performed on the SAC-type detector (L g s4c = 1.2 um, L, ; = 0.1 um) are shown in
Fig. [ where the bias voltages are applied to both to TG 1 and TG 2 independently from each other. The resulting
2D maps of Rpg are shown in Fig. 4{a), and put into perspective with R{? (f = 400 GHz) shown in Fig. Ekb) and the
calculated PTE contribution to the rectification displayed in Fig. @c).

In the color map of Fig. Eka), one finds that Rpg peaks at a value of 5.53 k) reached at Ugs(TG1) = 0 V and
Ugs(TG 2)= —0.2 V close to the coordinate system’s origin. Moving away from the origin, Rpg declines, more
slowly along the coordinate axes and faster into the four quadrants. The white text in the four quadrants indicates the
type of conduction (n or p), the first entry is for the graphene under TG 2, the second for the graphene under TG 1.

The color plot of Fig. Ekb) shows R{Y measured at 400 GHz. Red and blue colors stand for the sign of the rectified
voltage. The absolute value of R{? is highest (>60 V/W) if the graphene segments under TG 1 and TG 2 form n™ /p™-
or pT/nT-junctions. In these case, the difference of the Seebeck coefficient of the two regions (AS = Srg2 — Sta1)
is largest. The dashed lines marks the bias voltages where the rectified voltage and hence also R} change sign. The
lines roughly form a star pattern segmenting the 2D plot into six areas with opposite sign. This six-fold pattern is in
agreement with related photoresponse measurements for graphene with a dual-gate layout performed under illumination
with near-infrared [92] and THz light [[76} 52]] and indicates a dominant hot-carrier assisted PTE effect in graphene.
One hence expects that the six-fold segmenting is a property characteristic of PTE. In order to test this supposition, we
calculated the contribution of PTE to the responsivity, i.e., the quantity AT¢ - (Stg2 — Sta1)/ P;’;{z. We assumed a
constant carrier temperature difference of AT = 2.8 K between the TG 1 and TG 2 channel regions (value extracted
from Fig. [3[c)). In Fig.[d{c), we present the calculated PTE contribution to the optical responsivity. In this color plot,
one also finds the sixfold segmenting of Fig. [d(b). However, the boundaries between the segments do not quite overlap
with the boundaries of Fig. f[b). To clearly show the differences, the dashed lines of Fig. [d{b) are replotted in Fig. [@fc).
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The observed discrepancy between the calculation and measurement can be attributed to several aspects: First, to the
simplified in which we calculated the Seebeck response, without considering the contribution from the ungated region
between TG 1 and TG 2. Second, the cancellation of the RSM responses of the two gated regions is not complete
for unequal TG 1 and TG 2 voltages and is therefore embeeded in Fig. @(b). Third, we study an antenna-coupled
pn-junction, which is not illuminated through a free-space beam and therefore the measured pattern is altered by
impedance matching conditions (see Supporting Information), which change for different gate voltages. Finally, such a
large-scale responsivity pattern measurement is also expected to be affected by hysteresis [93].
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Figure 5: (a) Minimum NEP{P (left vertical axis) of multiple G-TeraFETSs as a function of frequency for AAC (green
dots) and SAC (red for TG 1 and blue for TG 2) in comparison with State-of-the-Art CVD G-TeraFET sensitivity values.
Simulated real (solid lines) and imaginary parts (dashed lines) of the antenna impedance Z,,,; (right vertical axis) for
AAC (green) and SAC (red) are also shown. (b) Measured optical noise-equivalent power N EP{}p at 400 GHz of a
G-TeraFET with asymmetric (AAC, green) and symmetric (SAC, red) antenna coupling. The estimated NEP for AAC
and SAC from the linear interpolation model (RSM+PTE, dash-dotted line) are shown in addition. The devices are
fabricated on a lightly p-doped substrate with a resistivity of 10-20 Qcm. Up;,q. is marked as vertical black dashed
line. (c) NEP?,p (calculated from Fig. Eka) and Fig. Ekb)) at 400 GHz of a G-TeraFET with SAC as a function of the
bias voltages applied to TG 1 and TG 2. The best operational point (lowest NEP) is marked with a white circle.

3.5 Noise-equivalent power

Detector sensitivity can be described by the noise-equivalent-power NEP{Y = Vy/|R{| specifying the input power
at which the detector has a unity signal-to-noise ratio limited by (voltage) noise source Vi (in 1 Hz measurement
bandwidth). It has been shown that typically the dominant noise source of TeraFETs, because they are operated without

drain-to-source bias voltage, is Johnson-Nyquist noise Vy = /4kgT Rps.[61,94]

Before comparing the minimal values of NEP{F of various devices in Fig. a), it is important to recall that these
minimal values are obtained only at specific optimal bias points. Fig. Ekb) shows measured NEP{P curves as a function

10



Terahertz detection with graphene FETs:
photothermoelectric and resistive self-mixing contributions to the detector response A PREPRINT

of the TG voltage for an AAC-type and a SAC-type device at 400 GHz. Additionally, curves calculated with the
RSM+PTE model are displayed. For both devices, the minimum values of NEPY? are obtained in the hole-conduction
branch, where the RSM and PTE signals have the same sign (add constructively). For the AAC-type device, the gate
voltage, where we measured the minimal NEPQ,p value, is Ugs = —1.5 V (marked as vertical green dashed line), for
the SAC-type device, it is Ugs = —1.25 V (marked as vertical red dashed line), both positions are on the left side from
Ubirae = —0.8 V.

For the same two devices — together with two other AAC devices with different ungated channel lengths L, ; = 0.1 and
0.3 um —, we plot in Fig. a) the minimal NEPY} values as a function of the radiation frequency. The corresponding
gate voltages were found to be only weakly frequency-dependent (see Supporting Information). In the same graph the
frequency-dependent real and imaginary parts of the antenna impedance Z,,,; for our AAC-and SAC-type photodetectors
with L, 4 = 0.2 um are presented. One observes a reciprocal behavior of Z,,;(w) and the curves of minimal NEP‘{,p.
The reason is that the performance of the detector strongly depends on the efficiency of the THz power coupling from
the antenna to the transistor’s graphene channel. Best electrical power coupling is achieved for conjugate impedance
matching, Zont = 2§, where Zgp ¢ is the gate-voltage-dependent impedance of the graphene channel (the real part
of which typically lies in the range of several k€2, see also Supporting Information). Although we do not reach optimal
impedance matching at any frequency, one still clearly sees that the variation of the impedance with frequency directly
reflects in the frequency dependence of the minimal NEPY! values. At 100 GHz, where :(Z,,,;) is low, the minimal
NEPY? is fairly large, with values of 1340 pW/,/Hz for the AAC device and 4207 pW/,/Hz for the SAC one. It is
worth mentioning, that for BG voltage operation, the lowest NEP{? (1540 pW/,/Hz) is close to that obtained for TG
biasing. At 1000 GHz, the minimum NEPS? values are significantly smaller (479 pW/,/Hz for AAC and 642 pW/,/Hz
for SAC), which we can attribute to improved power coupling by a smaller difference in impedance between the antenna
and the channel. Clearly, the lowest NEP{? values are obtained at 400 GHz, close to the maximum magnitude of the
antenna impedances, where the best power coupling is achieved. It is worth noting that close to this frequency, also
the field enhancement factor E)| (~1500 at 400 GHz) of the two antenna layouts peaks (see Supporting Information,
Fig. S6(b)). Larger values of E)| lead to an increased carrier heating in the antenna gap, which is advantageous
for the detector performance. For the AAC-type device, we obtain a minimal NEP? of 232 pW//Hz, 80% larger
than the record value of 130 pW/,/Hz achieved with a CVD G-TeraFET, also at 400 GHz (data point shown as blue
open star in Fig. [5(a))[55]. The latter value was obtained with a device fabricated on an undoped (high-resistivity)
substrate. As shown in the Supporting Information (Fig. S2), the substrate doping leads to Drude absorption of the
THz radiation, attenuating the beam by a factor of 0.66 (determined experimentally via transmission measurements).
Multiplying the measured NEP{Y value of 232 pW/,/Hz with the attenuation factor yields a hypothetical NEP{?
value of 0.66 - 232 pW/,/Hz = 153 pW/,/Hz for an absorption-free Si substrate, close to the record value from above.
Finally, we present two more data points in Fig.[5(a), which we obtained with devices on undoped substrate upon further
optimization of the contact resistance. We achieved a minimum NEP” of 101 pW//Hz with an AAC-type device
(open green star) and of 114 pW/,/Hz with an SAC-type one (open red star), both at 400 GHz. For the latter, the best
operational point was extracted from the 2D TG 1/TG 2-biasing map of NEP{? presented in Fig. c). The reduced
contact resistance of the devices led to a peak Rpgs(Ugs) resistance of 5.5 k(2 rather than the 7 k€2 of non-optimized
devices. To the best of our knowledge, both NEP<? values represent the lowest values reported for CVD G-TeraFETs
to date.

4 Discussion

To put our results more into perspective with the state-of-the-art of THz photodetectors regarding their NEP values, we
provide in Table[T]an overview of important results reported about in the literature. The list focusses on graphene-based
devices, summarizing the leading work of which we are aware. The devices were fabricated from either CVD graphene
or exfoliated graphene (the notation “exf. SLG-hBN” in the table specifies that the SLG is encapsulated in hBN). Not
only detectors for THz frequencies are listed but also devices which have been optimized as thermoelectric detectors
for infrared radiation. In addition, we present a selected number of results achieved with Si CMOS and GaN/AlGaN
TeraFETs.

In the column entitled “Comment”, we distinguish between two types of measurement and evaluation approaches. The
comment “Si lens (w.n.)” stands for the determination of true optical responsivity and NEP values, where the power
P7E, in the expression of the responsivity is the total as-measured beam power. The radiation was coupled onto the
detector through a Si substrate lens. No further data processing was made (“w.n.” standing for “without normalization”).
On the other hand, “normalized to diffraction-limited area” stands for the determination of a cross-sectional responsivity,
respectively NEP value (see footnote 1). Here, only a part of the beam power contributes to the measured rectified signal
(for example because no substrate lens could be used). Various approaches are used to determine this part by experiment
or simulations. Often it is assumed that the beam which has been focused by a lens or mirror, has a diffraction-limited
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Table 1: Comparison of the room-temperature maximum optical voltage (V) or current responsivity (I) R{?; and mini-
mum optical noise-equivalent power NEP°P without any normalization (w.n.) at the respective excitation frequencies
for different material technologies.

Material Frequency RV NEPY, Antenna Comment Ref.
Technology [GHz] [VIW] [pW/v/Hz]
or [mA/W]
90-nm Si CMOS 250 408 (V) 21 narrowband (AAC) Si lens (w.n.) 131]]
slot
90-nm Si CMOS 300 550 (V) 20.8 narrowband (AAC) Si lens (w.n.) [271]
slot
65-nm Si CMOS 1000 765 (V) 25 narrowband (AAC) Si lens (w.n.) 471
Bi-quad
90-nm Si CMOS 250-2200 220 (V) 48/70 (0.6/1.5THz)  broadband (AAC) Si lens (w.n.) 135]]
log-spiral or bow-tie
AlGaN/GaN 504 104 (D 254 broadband (AAC) Si lens (w.n.) 1371
MIM bow-tie
AlGaN/GaN 900 48 (I) 57 broadband (AAC) Si lens (w.n.) 641]
MIM bow-tie
AlGaAs/GaAs 600 55 (I) 250 broadband (AAC) Si lens (w.n.) 41]]
logspiral
CVD Graphene 400 74 (V) 130 broadband (AAC) Si lens (w.n.) 155]]
split bow-tie high resistivity
CVD Graphene 600 14 (V) 515 broadband (AAC) Si lens (w.n.) 1561]
split bow-tie high resistivity
single-crystal
CVD Graphene 2800 8" (V) 600* broadband (AAC) *normalized to 195]]
single-gated bow-tie diffraction limited
area
hBn-encapsulated
CVD Graphene 2800 4.5 (V) 2000* broadband (AAC) *normalized to 196l]
single-gated bow-tie diffraction limited
area
CVD Graphene 400 36 (V) 232 broadband (AAC) Si lens (w.n.) This work
split bow-tie 10-20 Qcm
CVD Graphene 400 30 (V) 299 broadband (SAC) Si lens (w.n.) This work
double split 10-20 Qcm
bow-tie
CVD Graphene 400 59 (V) 101 broadband (AAC) Si lens (w.n.) This work
split bow-tie high resistivity
CVD Graphene 400 63 (V) 114 broadband (SAC) Si lens (w.n.) This work
double split high resistivity
bow-tie
exf. SLG-hBN 2520 105* (V) 80" broadband (SAC) * normalized to [76]
broad-wire dipole diffraction limited
area
exf. SLG-hBN 2800 49* (V) 160* broadband (AAC) *normalized to 152]
split bow-tie diffraction limited
area
exf. SLG-hBN 3400 50% (V) 120* broadband (SAC) *normalized to 128]]
broad-wire dipole diffraction limited
area
exf. SLG-hBN 300 1.9 (I) 670" asymmetric double grating-  *normalized to 197

diffraction limited
area

gate periodic nanostructure

size at the focal position where the detector is placed. Based on this assumption, the NEP value is calculated which one
would obtain if the full beam power would contribute to the rectification[46}137]. In Table m we mark cross-sectional
responsivity and NEP values with an asterisk.

The central information of Table[T]is that graphene THz detectors with broadband antenna structures are now reaching
NEP values on the order of 100 pW/,/Hz at sub-1-THz frequencies, where they enter a regime which previously was
only occupied by detectors based on classical semiconductors (notably Si CMOS and AlGaN/GaN). However, they do
not yet surpass the performance level of these, which reach NEP values of below 50 pW/,/Hz as broadband devices. The
on-going progress in graphene device technology will most likely lead G-TeraFET performance gradually catching that
of classical semiconductor TeraFETs. For example, advances are to be expected with regard to the continued reduction
of contact resistances and by improved detailed device design leading to better impedance matching. But progress
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may also come in less obvious ways. A possible route where such progress may occur relates to electron-phonon
interaction, specifically acoustic phonon scattering of the charge carriers. One aspect which has an impact on PTE. As
already mentioned above, the scattering rate for exfoliated graphene is usually low (the momentum relaxation time
long), ensuring a long cooling time of the charge carriers, which is beneficial for PTE. Our EM wave simulations (see
Supporting Information Fig. S4) indicate that higher carrier mobility is likely to increase the amount of dissipated THz
power in the gated channel region. However, to investigate the change in the final RSM-to-PTE ratio for an increased
carrier mobility, the interplay between (i) the increased electronic cooling length [91} [88]], (ii) the increased Seebeck
coefficient [98,99],, and (iii) the change in the power dissipation profile (see Fig.[3[c) and Fig. S4(a) in the Supporting
Information) need to be taken into account. The actual RSM-to-PTE ratio in high mobility G-TeraFETs can be studied
using similar methods as presented in this work, where the detectors are fabricated with e.g. hBN encapsulated graphene.
While there is still more room to investigate the RSM-to-PTE ratio in high mobility graphene transistors, based on the
computational and experimental results of this work, we can conclude that for CVD-grown graphene THz detectors with
low mobility and SAC- and AAC-type detector layouts, the PTE is expected to be the dominant rectification mechanism.

5 Conclusion

In summary, it has been demonstrated that the detector response of G-TeraFET is a combination of resistive self-mixing
(RSM) and thermoelectric (PTE) rectification. We have also shown that in case of G-TeraFETs fabricated with low-
mobility CVD-grown graphene the RSM-to-PTE ratio varies strongly with the frequency of the incident THz-field and
that the PTE is the dominant rectification mechanism at higher frequencies. For our CVD G-TeraFETs with asymmetric
antenna coupling, the PTE already dominates over the RSM above 100 GHz. With EM simulations we showed that the
observed frequency dependence is a direct consequence of the relative change in the total dissipated THz power (the
surface loss density) between the gated and ungated graphene channel regions. From the simulations we also found
that the channel length over which the PTE contributes to the photoresponse below the gate electrode corresponds
approximately to the electronic cooling length. In addition, a second, weaker PTE was identified that can be attributed
to the contact doping effect in graphene near the metal electrodes. At 400 GHz our detectors achieve a minimum optical
noise-equivalent power of 114 pW/v/Hz for symmetric and 101 pW/+/Hz for asymmetric antenna coupling. This work
demonstrates the potential of harnessing the PTE response in G-TeraFETs and paves the way for the next generation
high performance graphene THz detectors.
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Methods

Device fabrication

The CVD G-TeraFETs were fabricated either on 6" p-doped Si wafers (350 um thick, 10-20 Q2cm) with 90-nm-thick,
thermally grown SiOs layer, or on 6" highly resistive Si wafers (350 um thick, >10 k{2cm) with a 300-nm-thick thermally
grown SiO, layer. The wafers were patterned with lithography markers and contact pads and the commercially available
CVD graphene from Graphenea was transferred onto the substrate. To encapsulate the graphene for protection against
contamination by the liquid chemicals used throughout the rest of the fabrication process, a seed layer of Al was
deposited onto the graphene surface and oxidized to Al;O3. Next, the Ohmic source and the drain contacts were
patterned via electron-beam lithography, the protective dielectric at the contact areas was etched, and the top contacts
were evaporated with Cr 5 nm/Au 100 nm stack. The evaporation chamber was pumped overnight to reach pressure
below 107 bar and the evaporation rate of 1 Als was used. Next, the devices were covered by a 18-nm-thick ALD-
grown Al O3 gate dielectric, the TG was patterned via electron beam lithography and Ti 5Snm /Au 100 nm stack was
evaporated. The whole process was performed on full wafers, as shown in Fig.[Tfe).

About 1000 GFETs were fabricated in each batch, tested on-wafer using an automated DC probe station, then the
wafer was diced, about 30 chips were packaged, transported, and bonded on a PCB readout board for measurements.
A statistical analysis of the performance variations of the detectors [100] is a task of future studies. Here, we refrain
from this analysis for the following reason. While our wafer-scale fabrication of the GFETs comes with a moderate
standard deviation of the detector performance, and a similar spread of the contact resistances and mobilities, we find
it difficult to identify a dependency of the detector performance on fabrication parameters. An attempt at a causality
analysis will be confusing and inconclusive based on our limited data presently available. For the sake of completeness,
we provide the following information: We measured the DC electrical transport characteristics of N = 57 devices on
the same wafer of the devices presented in the main text, and obtained (using the fitting model presented in the next
paragraph) a mean electron mobility of firg . = 1924 cm?/Vs with a standard deviation os(1FE,.e) = 523 cm?/Vs,
and correspondingly for holes fipg p, = 1414 cm?/Vs with o (pg.p) = 390 cm?/Vs.

Fitting model

In this work, we adapted the fit procedure presented in Kim et al. [101]] for our multi-gate transistors. The fit model
uses a semi-empirical square-root dependence of the carrier concentration on the gate voltage (ether TG or BG) and
accounts for the quantum capacitance of the 2D electrons in graphene. The total resistance of the channel is fitted
continuously through the Dirac cone - when switching from electron (aw = 1) to hole conduction branch (o« = —1) -
and in addition we extract total contact resistance R of the devices directly via

Re - NQ% + Nuy - Rps(0V)
Rps(Uas) = - I,
Nug + Ny )

N, L,

9 -9
b
e(n2p.e WFE.e +NoD b bFER) W

where n2p o = (102 + [na(Ugs)]?)!/? and Rps(0V) is the measured resistance at zero gate bias. The gate voltage
dependent carrier density in the graphene layer n,(Ugs) can be estimated from

CO‘T
n(Ugs) = (ng + {G’TG(UGS — Ubirac)
2\ —1/2 (10)
. Q(Q(UGS - UDirac)):| ) —Nyg

where O(...) denotes the Heaviside function and n, = m(hvrCoyr 7¢)?/(2¢*) accounts for the quantum capacitance
effect. Up;rqc 1S set as a fixed parameter here and determined from the gate voltage point of maximum resistance. Note
that the above model can be employed for BG operation if C,, 7¢ is replaced by the BG capacitance C,; pc-

Simulations of power dissipation
We provide here details of the EM wave simulations (with CST) of the THz power dissipation in the graphene channel

of AAC-type devices. The surface conductivity/surface impedance of the graphene was calculated by means of the
Kubo formalism [[102} [103]]. We assumed a finite SLG thickness of Agrs = 10 nm, a constant chemical potential of
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1 = 0.2 eV and a momentum-relaxation time of 7, = 60 fs for CVD-grown graphene[83]]. Note that further simulations,
where 7, is varied from 60 over 180 to 300 fs, are presented in the Supporting Information (Fig. S4). The antenna was
excited by a plane-wave through the silicon substrate to mimic the backside illumination through a silicon lens in our
experiments. The graphene sheet is oriented in x (€ [0,L]), y (€ [0,W]) and z (€ [—AgLg,0]) (as illustrated by the red
coordinate frame in the inset of Fig.[3[c)). The surface loss density SLD is given by the power flow per unit area of a
plane wave flowing towards the graphene sheet (negative z direction) via[[104]

1
Pp(z,y,0,w) = 3 Rs[H(w,y,0,w) ], (11)
where, %, denotes the surface resistance of the graphene sheet determined from the real part of surface impedance
and H(z, y, 0,w) is the in-plane magnetic field amplitude at the position z=0 of SLG surface. In order to estimate the

relative amount of power dissipated in the gated and ungated channel regions we use the SLD extracted at SLG channel
center (y=W/2,Pp(x,W/2,0,w) = Pp(z,w)).

Measurement setup

] Lock-in

Detector Input Reference
- ® ®
signal
modulated
AP OAP
£ @ 7.62 kHz

Toptica
emitter

i OAP OAP
\graphene TeraFET

(x-y-2)

Figure 6: Schematic of the measurement setup for the THz characterization of the graphene TeraFETs. The THz beam
is guided through four off-axis parabolic mirrors towards the detector.

The DC electrical characterization was performed using the Keysight B2900 precision source/measure unit. The
drain-to-source voltage Upg needed for the read-out of the drain-to-source current /pg was fixed at 10 mV, S electrode
was grounded. For the determination of the THz responsivity R{/ of the TeraFETs, we employed a commercial CW
spectroscopy system (Toptica TeraScan 1550) which has a tunable fiber-coupled InGaAs photomixer as the radiation
source, and replaced the photomixer detector of that system by our TeraFET. All measurements were performed at
room temperature and under ambient conditions. As shown in Fig. [6] the TeraFETs were illuminated through the
substrate to which a hyperhemispherical Si lens (diameter: 12 mm, height: 7.1 mm) was attached (not glued). For
THz alignment the TeraFETs were mounted on a x-y micrometer translation stage, while the lens was fixed in its
position. The Si lens + G-TeraFETs were mounted on an additional z-stage to adjust the distance from the last off-axis
parabolic mirror (a 3" OAP) and to guarantee that the devices were characterized in the focal point of the OAP. At this
position the free-space power of the THz beam (Pg%;,) was determined with a calibrated large-area Golay cell (SN
160735, Microtech Instruments). The rectified voltage (AUpg) was measured using the lock-in technique (DSP Model
7265) at a modulation frequency of 7.62 kHz. For that purpose, the THz radiation was chopped electronically by a
bipolar sinusoidal modulation of the electrical bias on the InGaAs photomixer gap of the Terascan 1550 system. The
peak-to-peak photoresponse AUpg for our measurement system has been obtained from AUpg = 3 - Ujpek—in[47].

Supporting Information

Supporting Information. Contents: PTE power dependency, absorption losses in the lightly p-doped Si substrate,
frequency dependence of the gate voltage of minimal NEP, back gate responsivity measurements, carrier mobility
dependence on the RSM-to-PTE responsivity ratio, frequency dependence of the extracted RSM and PTE responsivity,
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an extensive antenna analysis including the field enhancement factor, the effect of back gate voltage on the AAC detector
performance and estimation of the prefactors for RSM and PTE.
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S1 Power dependency of the PTE

In Fig. @Kc), we present the THz power dependency of a similar AAC device with L,, = 0.1um at different THz
frequencies using three different THz filters with transmission factors (T) of 20%, 40%, 100% in order to verify that the
observed strong frequency-dependency of the PTE in this work in not is not related to the exponential power decay of
our Toptica TeraScan 1550 system as presented in Fig. 3(b). We observe no dependency on the position of the second
phase change on the electron conduction branch - which can be related to the PTE for an n-doped CVD graphene
TeraFET - at the seperate excitation frequencies (200, 400, 600 and 800 GHz) when changing the relative optical THz
input power from 100% down to 20%. Therefore we excluded that the PTE frequency-dependence - reported in this
work - is related to our Toptica TeraScan 1550 output power.

S2  Absorption losses in the lightly p-doped Silicon substrate

In Fig. we present measurements of the THz transmission through two silicon substrate with 525um thickness.
All measurements were performed with an InGaAs photomixer receiver from Toptica (Toptica TeraScan 1550).
Measurements were performed in nitrogen atmosphere to reduce the effects of water absorption lines in our transmission
analysis. Note that, for the determination of the transmission, the silicon substrates were placed in an intermediate focal
point and the receiver was placed in the final focal of our THz characterization system point (as the CVD graphene
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Figure S1: THz power dependence (as function of different filter transmission) of the normalized voltage responsivity
for an AAC device with L, = 0.1um at 200, 400, 600 and 800 GHz. The measurements indicate no power dependence
on the position of the second phase change for which the PTE is responsible.

TeraFET detectors). The Transmission coefficients - presented in Fig.[S2(b) - were determined after Fourier filtering of
the raw data shown in Fig.[S2(a). Finally, we determine the losses due to the present doping in our silicon substrates
from the ratio of both extracted transmission factors 17 = Tyoped/Tundoped-

S3 Frequency dependence of the gate voltage of minimal NEP

The gate voltage Ugs,min Where one finds the minimal value of NEP{?, exhibits a weak dependence on the radiation
frequency, which is a consequence of the frequency dependence of the impedances of the antenna and the graphene
channel. The minimal value lies always on the hole-conduction side of the gate voltage. Here’s some examples for
TG-biased AAC-type detectors, fabricated on lightly p-doped substrates (10-20 {2cm). For a device with L,y = 0.1 um,
the minimal NEPY? is found at Ugs, min = —0.9 V at 100 GHz and at —1.2 V at 900 GHz. For a device with
Lyg = 0.2 pm, correspondingly at Ugg,min = —1.45 V at 100 GHz and at —1.55 V at 1000 GHz. For a device with
Lyg = 0.3 pm, Ugs,min = —1.25 V at 100 GHz and —1.35 V at 400 GHz.

S4 Back gate responsivity measurements

In Fig. [S3(a) the measured optical THz responsivities at 100 (top) and 1000 GHz (bottom panel) as a function of
BG voltage for an AAC type graphene TeraFET with L,, = 0.2 ;m (green open circles) are depicted. We test the
measured photoresponse against the theoretical predictions based on the RSM mechanism and the PTE mechanism.
Both calculated from the measured BG conductivity o(Up¢). As shown in Fig. a), nether the RSM nor the PTE can
quantitatively explain the measured detector responsivity at the different frequencies. For simplicity, we assumed that
the graphene channel in the contact region is Fermi level pinned by the metal electrode, such that S¢(Upg = 0V) = Sy,.
In this case the PTE photoresponse is given by U5S,, ~ AT - (Sfjgt — S4(Upg)). Following the considerations in
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Figure S2: (a) Measured current amplitude for no sample (reference, green line), lightly p-doped silicon (10-20€Q2cm,
red line) and high-resistivity (>10k{2cm, blue line) silicon substrate. (b) Extracted transmission coefficients 7" after
Fourier filtering of the signal presented in (a) for both type of wafers and calculated additional losses 17 in the lightly
p-doped substrate, which has been used in this work.

[86]], a more appropriate way to model the graphene channel in contact with the Source metal electrode under BG
voltage tuning would be to treat it as partially (indicated by the ' symbol) BG voltage dependent (Sug(U,;,G)). In
their work the authors modeled the dipole layer between graphene the contact metal as a very thin insulator with a
metal-to-SLG equilibrium distance in the orders of 2-4 A. Therefore the latter functionality for E F(U,;,G) implies
exact knowledge of several electrical parameters of the Source metal, e.g. the metal workfunction, the metal-to-SLG
equilibrium distance as well as the potential drop in the dipole layer between SLG and the metal.

In Fig.[S3|b) the data is compared to a linear combination of the theoretical RSM and PTE photoresponses (RSM+PTE).
We find semi-quantitative agreement between the linear combination model the measured photoresponse, which shows
that also in BG voltage operation the detector signal can be broken down to a combination of the RSM and the PTE.
However, when compared to the TG measurements in Fig. 2(b), the overall quality of the fit is reduced for the BG case,
which we attribute to our simplified assumptions on S,,4 for the PTE calculation (see above). At 1000 GHz, the linear
combination model predicts a second sign change of the photoresponse for larger positive BG voltages (as one finds for
the TG measurements, see Fig. 2(b)). This is not observed for the BG measurements. We speculate that the Seebeck
difference between the graphene channel in the contact region and that of the "fully" back gated graphene channel
further away from the source electrode is reduced (.S,,4 (U j/FEG) ~ S¢(Upc))) when larger positive (and negative) BG

voltages are approached. This could explain why the RSM photoresponse dominates over the PTE in these BG voltage
regimes.

S5 Carrier mobility dependence on the RSM-to-PTE responsivity ratio

Fig. a) depicts the calculated normalized surface power loss density (SLD) Pp(z,w) along AAC-type device with
Ly=Lgaac =2.5pmand L,; = 0.2 um assuming three different momentum-relaxation times 7, (60, 180, 300 fs)
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Figure S3: (a) Measured optical voltage responsivity R{/ of CVD graphene TeraFETs with asymmetric antenna
coupling (AAC) and L., = 0.2 pum (green open circles) as a function of BG voltage. The calculated photoresponse for
resistive self-mixing (RSM, dotted lines, calculated with Eqn. (5)) and photothermoelectric rectification (PTE, dashed
lines, calculated with Eqn. (1) together with Eqn. (2)) are shown in addition. (b) Measured and calculated optical
responsivities. The calculated curves were obtained by fitting a linear combination of the theoretical RSM and PTE
photoresponses (RSM+PTE, dash-dotted lines) to the measured curves.

to calculate the surface conductivity/surface impedance of the graphene sheet based on the Kubo formalism [[102} [103].
For all simulations we assumed a finite SLG thickness of Agre = 10 nm, a constant chemical potential of ;1 = 0.2 eV.
From Fig. |'S_kaa) it is clear that the higher the mobility (corresponding to larger values of 7,,) of the graphene sheet,
the more THz power is dissipated along the gated channel region. From the simulated surface power loss density
Pp(z,w) we calculate the SLD-integral ratio for the transistor part, which attributes to the PTE recitification (from
z = 0tox = L,y + AL) and that which contributes to the RSM signal (from x = L4 to x = Lyg + Lg). For all
calculations the effective PTE penetration length A L underneath the gate electrode was assumed to be 0.3 pm. It
should be stressed here that AL is expected to increase sublinearly with increasing carrier mobility as it is linked to the
electronic cooling length of the charge carriers [91,|88]]. In addition the Seebeck coefficient is expected to increase
in high carrier mobility graphene[98]]. Both effects would give rise to an overall smaller RSM-to-PTE ratio than the
simulations presented in Fig. |§_Zkb) for 7, = 180 fs and 7, = 300 fs. These simulations therefore depict only the
upper limits of the expected RSM-to-PTE ratio. The black arrow indicates the mobility dependence of the simulated
RSM-to-PTE ratio as a consequence of the changed power dissipation profile in Fig. [S4(a). The colored dashed vertical
lines indicated the high frequency RSM-to-PTE ratio predicted by the CST simulations. A high frequency RSM-to-PTE
ratio of roughly 0.2, 0.7 and 1.3 is predicted by the simulations when assuming 60, 180 and 300 fs for 7,,, respectively.

S6 Frequency dependence of the extracted RSM and PTE responsivity

In Fig. a) we plot the extracted RSM (R} ¢, (w) in (a)) and PTE (R} 55, (w) in (b)) for different G-TeraFETs
as a function of frequency. Note, that the tilde accent stands here for a special choice of the gate voltage, which was
determined from the highest responsivity value at 400 GHz. This gate voltage was then maintained also for all other
frequencies depicted (for further details see main text). One finds in Fig.[S5|a), that for all AAC and SAC photodetectors
the efficiency of the PTE recitifcation mechanism dominates that of the RSM at THz frequencies above 100 GHz. At
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Figure S4: (a) Calculated normalized surface power loss density Pp(x,w) along the graphene channel (z-direction)
as a function of THz frequency for a AAC-type device with L, = Ly 4ac = 2.5 pm and L, = 0.2 ym assuming
different momentum relaxation times 7, (60fs, 180fs and 300fs). The simulations were performed with CST Studio
Suite. (b) CST-simulated ratio of the total surface power loss density attributed to RSM vs. that attributed to PTE.
The inset depicts a SEM picture of the AAC detector’s channel region overlayed by the simulated field distribution at
400 GHz and the coordinate system (shown in red).
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Figure S5: (a) Extracted frequency-dependent RSM responsivity §?€“’f rsy (w) and (b) PTE responsivity iﬁ“}’,’R sp (W)
for different G-TeraFETs. The extracted responsivites are obtained from the linear fitting routine, which is discussed
extensively in the main text. Note that the negative responsivities are due to the opposite sign of the rectified voltage.
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400 GHz the PTE as well as the RSM responsivity peaks, which is a consequence of the better impedance matching
conditions and larger field-enhancement at the respective frequency (see Fig.S6(a) and (b)).

S7 Extended analysis of the antenna performance
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Figure S6: (a) Simulated real (solid lines) and imaginary (dashed lines) parts of the antenna impedance for SAC and
AAC photodetector layouts with L, , = 0.2 um. (b) Extracted field enhancement factor F)| obtained in the antenna
gap for an incident plane wave excitation polarized alongside y with E,..y = 1 V/m. The inset pictures in (b) visualize
the different field distributions at the respective frequencies. (c)-(d): Two-dimensional plot of the maximum absolute
electric field in the antenna gap for AAC (c) and SAC (d) detector layout at 400 GHz. The reference coordinate system
is depicted in the bottom right corner.

Fig.[S6|shows an extensive analysis of the antenna simulations performed for the antenna layouts SAC and AAC, which
are studied in this work. For the electromagnetic (EM) wave simulations we used CST Studio Suite. In Fig. |'S_B'[a) and
Fig.[S6{b) the main figures of merit for the detector antenna performance are presented, which are the complex antenna
impedance (presented in (a)) and the field enhancement factor for the in-plane component of the electric field (presented
in (b)) in the antenna gap. The latter is calculated from

B =

where max (E(z,y, z)|,) is the maximum absolute electric field component alongside y (parallel to the field vector
of the incident plane wave) and F,.; = 1 V/m is the reference electric field amplitude of the incident plane wave
(oriented alongside y). In agreement with our measurement setup the excitation of the antenna is performed from the
substrate side (backside illumination). We find that the antenna impedances and the field enhancement factors for the
SAC and AAC layouts agree semi-quantitatively, which ensures that the antenna performance is not responsible for the
differences in the RSM-to-PTE responsivity ratio roll-offs of both layouts. In Fig.[S6(c) and Fig.[S6(d) the maximum
absolute field in the antenna gap at 400 GHz is shown. For both layouts the obtained field amplitudes are very similar
(see colorbars). The pictures indicate, where heating of the charge carriers in graphene is to be expected from the THz
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light coupled to the antenna leaves. These EM simulations together with the similar electrostatic properties (see Fig.
1(f) in the main text) and similar channel geometries verify our approach that the detector performances of AAC and
SAC can be compared directly with each other.

S8 Effect of back gate voltage on the AAC detector performance

We performed additional DC (see Fig. a)) and THz characterization measurements (Fig. b)—(c))) for the AAC
detector layout (here Ly = 2.5 ym and L., = 0.3 um) to determine the effect of additional back gate (BG) voltage
Upg tuning on the detector performance. In Fig.[S7(a) the measured drain-to-source resistance Rpg as a function of
top gate (TG) voltage is shown, while the BG voltage is fixed at different gate voltage ranging from Ugpg = 10V to
Upg = —25V. It can be observed that for decreasing BG voltage (i) the Dirac voltage shifts from left to right hand
side (the channel doping changes from n (Up;rqc < 0 V) to p-type (Up;rac > 0 V)), (ii) the overall peak resistance
increases and (iii) the Dirac cone gets broadened. The applied BG voltage alters the Seebeck coefficient throughout the
full graphene channel region and consequently the PTE signal contribution to the detector signal in the AAC layout is
expected to change according to

Upre(Ucs,Upcg) =
~ ATc - (St (Upe) — S4(Uas, Upa)) -

ug

(SDH

In Fig.[S7|b) the measured voltage responsivity is depicted for the different BG voltages. A clear trend can be observed.
For negative BG voltages, e.g. Upg = —25V, the overall contribution of the PTE to the RSM is increased, which is
reflected by an reduced signal magnitude for the electron conduction branch. When comparing the the 100 GHz with
the 1000 GHz measurements we observe a similar trend as observed for the devices discussed in the main text, where
BG voltage was always set to Upg = 0 V. This is, the second phase change on the electron condcution branch with
respect to the respective Dirac voltage occurs earlier with increasing frequency (see Fig. 3(d) in the main text), which
we could associate to the change in the RSM-to-PTE responsivity ratio resulting from the change in power dissipation
along the graphene channel. It is worth mentioning that Eqn. predicts a sign change of the PTE when changing
from n (Upirae < 0V, Sﬁgt<0) to a p-doped (Upjrac > 0V, Su§t>0) graphene channel, which should here be the
case for the measurements at Upg = —25V and Upg = —20 V. However, contrary to the above equation we find that
the PTE contribution to the detector signal is even enhanced for these BG voltages and shows no sign change when
switching from n to p-type doping. We attribute this to the discussed contact doping effect (see chapter S4) in close
vicinity to the Source metal contact [86]. It is known that this effect is penetrating hundreds of nanometers into the
graphene channel [87]], thereby it is to be expected that Sﬁgt(U B¢ ) is partially influenced by the contact doping effect
and partially by the back gate voltage. Further investigations are needed to clarify the exact functionality. Finally in
Fig.[S7|c) we plot the extracted minimum Noise-equivalent power NEP°P as a function of frequency. We observe a
similar overall frequency trend as for the samples shown in the main text with the best operation frequency at 400 GHz
due to the antenna performance (see chapter S7). We find a minor influence of the BG voltages on the overall detector
performance. The best NEP of 193 pW/,/Hz is obtained for Upg = 10 V.

S9 Estimation of the prefactors for RSM and PTE

We aim to determine the prefactors for the RSM (U%le) and PTE (AT ) from the measured free-space THz beam
power P75, (determined in-front of the hyper hemispherical Si lens with a large-area Golay cell) on basis of simple
power coupling considerations. The total coupling efficiency of the THz power towards the graphene channel is
determined by [37,47]

MNtot = ]5)% = % *TNop * Nlgauss * Tant (w) *Nm (w) ) (SZ)

THz

where Pg; is the fraction of the total free-space beam power P77, which is collected by the antenna and transmitted
to the graphene channel. The factor of 1/2 incorporates residual scattering of incident power in the antenna element
[105)]. gawuss represents the gaussicity [106] - a quantity typically employed for substrate lens antennas and is assumed
to be 0.9 [106] 37, [47]]. nant(w) is the frequency-dependent antenna efficiency, which is simulated by CST Studio
Suite. 7,, ~ 0.46 incorporates all optical path losses consisting of reflections of the incident THz light at the air-to-
silicon-lens interface of the detector (0.7)[37]] and Drude absorption in the lightly p-doped substrate (0.66, determined
experimentally, see chapter S2). Finally, 7,,,(w) can be obtained from [62} 37]]

_ 4 Re[Zans(w)] - Re[Zay]
Um(w) - |Zant(w) T ZGT|2

(83)

S7



Terahertz detection with graphene FETs:
photothermoelectric and resistive self-mixing contributions to the detector response A PREPRINT

e Ugg =—-25.0V ¢ Upg=-200V « Upg=-10.0V Upg =00V e Upg =10.0V

3 -2 -1 0 1 2 3

8 T T T TT T 104
(@) | 4t () '
1 !
[0 S l . 2
I I fay
| ; 3
P I = 0
6 - L] :. .‘ PN .: . A > ,N\
s e S
5l .o l - : .o‘. ‘P . | E
E o. : ". Al :- . -4 \Q;
\a; o : S .'. . : . g 102 r
O? 4 o .::-" . }.. . OQ_‘
B G 2
.,;::"%"r' A 10 .
Lo ol | —~ =
L3 | . ol % o E
3Sp . Yol E
: ..'. ' : .."0- E, 0
: '-%\_.L\‘“ g
o i (R (I |
| I e 1
| | & e
1 1 1 1 1 11 1 102 1 1 1 1 1 1
3 -2 -1 0 1 2 3 -3 VA 0 O DD QO D
N SY O S L N
Uas (V) e e Sy

Frequency (GHz)

Figure S7: (a) Measured drain-to-source resistance Rpg, (b) voltage responsivity R{7 at 100 GHz (top) and 1000 GHz
(bottom panel), (c) minimum noise-equivalent power as a function of top gate voltage Ugg for detector layout AAC,
while fixing the back gate voltage Up¢ in the range from -25 to 10 V (legend is shown on top of the figure). The
vertical dashed lines in (a) and (b) indicate the extracted Dirac voltage Up;qc.-

and accounts for power losses due to the impedance mismatch between the antenna element (Z,,:(w), shown in
Fig. [S6(a)) and the graphene channel Z;,. For the calculation we assume the latter to be constant in frequency
(determined from the measured DC resistance, Zg, ~ 3 k{2). With Eqn. el can determined from the power of

the incident THz radiation via
Uy, = \/Par - Zar . (S4)

In order to estimate the carrier temperature increment AT = T — T, of the carrier temperature T with regards to
the lattice temperature T, in the antenna gap we use the steady-state carrier-heating equation[89]]

PA,inTc
Ce

where Py ;n, = Pgr/Agap is the absorbed power density in the antenna gap (Agqp=Lyg- W, Lyg = 0.2 pm, W = 2 pum),
7. is the cooling time, which can take place on a time scale 7. < 1 ps [107, and is assumed to be 1 ps. C. is
the electronic heat capacity. In the doped regime C, it is given by[89]

2rE
mkéz’c = Yaoped - Tc - (S6)

Here Er is the Fermi level (we assume a constant value of Er = 0.1eV), vy = 1.1 - 109 is the Fermi velocity and A
is the reduced Planck constant. Combining equation Eqn. [S3]and Eqn. [S6|we obtain

ATe =Tc — T = , (85)

Ce =

1 oped * T2 4P inlc
AT = L (Vdopea TE+ APainTe ) (S7)
2 vV VYdoped
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Flgure S8: Extracted prefactors for the (U HZ , in green, left axis) and PTE (AT, in red, right axis) signal contributions
in the G-TeraFETs presented in the main text with L, = 0.2 m in comparison with estimations, which have been
determined from the measured free-space THz beam power P77, .

shown in comparison with the respective calculations using Eqn for AAC (calc. UT 2,0 dashed green line) and
Eqn. [S7|for SAC (calc. AT¢ o, red dashed line). In agreement with the extracted prefactors obtained from the THz
characterization measurement and to account for the frequency-dependent change in power consumption of the RSM
and PTE process in each detector layout we then determine the final prefactors from (U, )? = Xgsar - (U$ He, 0)?
(solid green line) and ATc = Xprg - AT o (solid red line). We find a semi-quantitative agreement between ‘the
calculated and extracted prefactors, 1ndlcat1ng that the fitting approach used in this work provides reasonable physical
orders of magnitude for the prefactors for both rectification processes. Note that deviations between calculations and
extracted prefactors are to be expected, as we are not taking the frequency-dependent graphene channel impedance into
account and assume it to be constant in frequency and real-valued.

In Fig. @] the final extracted prefactors for the AAC (green left ax1simd SAC (red, right ax1s) photodetector layout are
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