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ABSTRACT

Tunable resonant absorption by plasmons in the two-dimensional electron gas (2DEG) of grating-gated HEMTs is
known for a variety of semiconductor systems, giving promise of chip-scale frequency-agile THz imaging
spectrometers. We present our calculations of transmission spectra and resonant photoresponse due to plasmons in InP-
and graphene-based HEMTs at millimeter and THz wavelengths. Our experimental approach to measurement of
electrical response is also described. Potential applications include man-portable or space-based spectral-sensing.
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1. INTRODUCTION

Grating gated MOSFETs and HEMTs display tunable resonant absorption of THz radiation [1, 2, 3]. In some cases, this
absorption gives rise to a resonant change in channel conductance [4], which is potentially the basis for a tunable
terahertz detector. Such would have applications in spectral sensing and imaging. This paper presents theoretical
predictions, design and experimental considerations, and first experimental results for HEMTs based on the InP
materials system and on graphene.

2. INDIUM PHOSPHIDE BASED GRATING-GATED HEMTS

Tunable resonant plasmon absorption in an InP-based HEMT was observed [1], but an associated resonant
photoresponse using a free electron laser as a source was not [S]. These first devices had a substantial non-resonant and
non-linear photoresponse, which, together with the significant shot-to-shot intensity variations and low duty cycle of the
FEL, made it impossible to observe the sought after resonant photoresponse. To improve our chances of observing a
weak photoresponse, we have redesigned our device to have mm-wave resonances, since available mm-wave backward
wave oscillators have high intensity stability, high frequency agility, provide frequency modulation to allow lock-in
detection, and are table-top devices. By this means, we anticipate being able to detect a photoresponse, after which there
will be opportunity to optimize the response.

First generation InP-based HEMT devices (Fig. 1), characterized by Fourier spectroscopy, revealed a spectrum of gate-
tunable plasmon absorption resonances and their harmonics. However, these were found to occur at 2-3 x lower
frequency than predicted by the dispersion relation

eZnS qn
m*g() (gs + 8d coth(qnd))

o} (x=d)= : (1)
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where e is the electron charge, n, the sheet charge density, ¢ the grating wavevector, m* the effective mass, & the
vacuum permittivity, & the permittivity of substrate below the 2DEG, ¢, that above, and d the distance between gate and
2DEG. The resonances and their harmonics could be adequately explained if a “virtual gate” (large electron
concentration) existed 4.5 nm above the 2DEG [6-8]. Consequently, we have also chosen a different InP-based HEMT
layer structure that avoids the such virtual gate. Two new devices were prepared, PLS023C and PLS023A, with grating
periods of 10 and 0.5 um, for mm-wave and FTIR experiments, respectively. The layer structure is the same as the
device studied in [8], which is presented in Fig. 1 together with the electron density distribution as determined by
Silvaco Atlas 2-D device simulator (FEM analysis software). Here we report calculations of their plasmon absorption
spectra. Also we predict the resonant electrical response of PLS023C devices to frequency modulated BWO millimeter-
wave radiation with lock-in amplification of Source-Drain current. The top side micrograph of the mm-wave sample is
presented in Fig. 1 (right). A lamellar grating with 10 micron period covers the gate.
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Fig. 1. (left) Schematic of layer structure and calculated electron concentration of PLS023 HEMT device with A: Undoped
Ing 5pAly 43As, Dash line: Si 6-doped layer, B: Ing s,Alj43As Setback, C: Ing 53Gag 47As Channel, D: Undoped Ing 5,Alg 43As, Dash Line:
Second Si 5-doped layer and E: Undoped Ing s,Aly 45As Buffer. (right) Microscopic image of 2"-generation device metallization.
Grating periodicity a = 10um and 5pm, metallization ratio #/a = 0.3

Calculation of the plasmon resonance spectrum by the method of [9] requires knowledge of the temperature dependent
sheet charge density ny and relaxation time 1. These are determined from IV and transfer curves. The saturated source-
drain current Iy vs. gate bias V, is fit [1] to determine mobility p and carrier concentration ng, from which are
determined ng and t. The device is cooled in a temperature-controlled cryostat. The negative gate bias is computer
controlled . Source and Drain are connected to Keithley 2400 source meter to apply voltage to the source and to
measure the drain current. The measured IV Curves for T = 295 K and 4 K are presented in Fig. 2 (left). I vS. Vg
curves are plotted in Fig. 2 (right) as symbols for different temperatures. The curves are fits [1], where the fit parameters
ng and p allow determination of ny and t, which are plotted in Fig. 3.
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Fig. 2 (left). Measured IV-Curves for PLS023 samples with: a= 10 pum and 5 ym and t/a=0.3 at T=295 K and T =4K. (right) Iiy.sa
vs V, data (symbols) and fits (lines).
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Fig. 3. (left) Relaxation time vs temperature. (Right) Sheet charge density as a function of gate voltage for different temperatures.

Figure 4 (left) presents transmission spectra calculated for PLS023C at T =4 K at V', = 0 V, and the plasmon resonance
appears at ~10 cm™. Figure 4 (right) represents the spectrum of PLS023A, for which the fundamental plasmon occurs at
100 cm™. To measure the latter spectrum, we have interfaced a Hyperion IR microscope to a 4K Si-bolometer, an
optical cryostat, and a Bruker FTIR. For PLS023C, we will seek resonance mm-wave photoresponse using and FM
BWO with lock-in detection, as described in [8].
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Fig. 4 (left). Transmission spectrum for PLS023C with @ = 10 micron and gap-to-period ratio of #/a = 0.3. (Right) Transmission
spectrum for PLS023A with ¢ = 0.5pm and #/a = 0.3.

Resonances shift with gate-bias, as shown in calculations for PLS023C (Fig. 5, left). Increasing the negative gate
voltage decreases the sheet charge density, which shifts the band to lower wavenumbers while making it shallower. The
40-110 GHz (1.3 — 3.7 cm™") range of our BWO sources is too narrow to sweep over the full width of mm-wave plasmon
resonances. The BWO ranges are plotted together with an expanded view of the spectrum in Fig. 5 (right), where the
useful feature to note is the decrease in dT/df as more negative gate bias is applied.

V_ (V)
0404w 90000 0.40 b
-0.6
o 0.35 ®0.36-
2 3
(U C
= 0. £
[72]
& €028
b i S 7
= 0.25 g
0.20 : : : : 0'24'.......
0 10 20 30 40 50 0.00.51.0152.0253.03.54.0

Wavenumber(cm™) Wavenumber(cm™)

Fig. 5 (left). Calculated transmittance spectra as a function of gate voltage for PLS023C HEMT. (right) Calculated transmittance
spectra together with ranges of our three BWOs ( 1.3 — 3.7 cm™ ) for PLS023C. Horizontal bars indicate the ranges of our three BWO
heads. In both plots, the extremes of the V, range are indicated next to their corresponding curve, which each curve differing from its

neighbors by 0.1 V.

We frequency modulate the BWO with modulation amplitude Af and synchronously lock-in amplify the measured
source-drain current Igp. Supposing an effect on channel conductance due to the absorption by plasmons, whose
absorptance A = 1-T-R, then the lock-in output will be proportional to |(dT/df)|Af. Fig. 6 presents dT/df from the
transmittance spectra. A record of lock-in output for different V, values should produce a set of points corresponding to
a vertical slice through the calculated curves in Fig. 6. By choosing different center frequencies, we should be able to
reproduce the complete curves shown in Fig. 6 over the BWO ranges indicated.

8164 -7 V. 4 (p.4 of 8) / Color: No / Format: Letter / Date: 2011-08-19 09:48:33 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to your MySPIE To Do List at http://myspie.org and approve or disapprove this submission. Your manuscript will not be published without this approval.
Please contact author_help@spie.org with any questions or concerns.

0.0 et
-0.014\ V,=-0.6V
-0.024\
S _0.03 g
— ] ~ :
© .0.04- V,=0Vi
ERINN ;_

_0.05E &%.’ ' | 1,10 GI'-IZ-
-0.06y " 40GHz ;—

0.00.51.01.52.0253.0354.
Wavenumber(cm'1 )

Fig. 6. Calculated dT/df spectra in BWO range ( 1.3 —3.7 cm™ ) for PLS023C. The extremes of the V, range are indicated next to
their corresponding curve, with each curve differing from its neighbors by 0.1 V. Horizontal bars indicate our BWO ranges.

3. GRAPHENE

Graphene, a single layer of graphite, possesses extraordinary field effect mobility reaching 20,000 cm?/V-sec at room
temperature and its electronic density of states vanishes at the Fermi level [11]. As such, graphene-based HEMT
plasmonics can have highly tunable and sharp plasmon resonance. Furthermore, graphene is lightweight, optically
transparent, and intrinsically flexible. With these exceptional properties, the adaption of graphene in the HEMT-based
plasmonics technology will enhance its utility in lightweight, discreet, and flexible electronics.

Previous study [12] on plasmons in graphene have not exploited the large tunability offered using the device
configuration explored in the HEMT-based plasmonic technology. Using a semiclassical model for the conductivity of
graphene, the plasmon dispersion relation of free standing graphene is given by [13]

e, i) o,
W)= I+— o , )
9(®) ezEF( m)J

where e is the electron charge, and Er denotes the Fermi energy of graphene. This relation is valid when Er >> kgT. The
plasmon dispersion in graphene can be tuned by varying its Fermi energy. Just as in the case of the InP-based HEMT
devices described above, a grating can be used to efficiently couple light into plasmons in graphene and also to
electrostatically tune the electronic density of states and, thus, the plasmon frequency.

The schematic of a device is shown in the inset of Figure 7. Large graphene with a lateral dimension reaching over 1 cm
will be grown using chemical vapor deposition (CVD) and transferred onto a high resistivity silicon substrate. PMMA
will then be deposited on top of the graphene and overexposed with an electron beam to create a hardened dielectric
layer. A metal grating will then be deposited onto the PMMA dielectric and will serve as the gate electrode that will
vary the carrier density and, thus, the Fermi energy of graphene.
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Figure 7: Calculated resonance peak vs. gate voltage for a proposed graphene HEMT with grating gate. The device parameters are a
=500 nm, dpyma=60 nm, and Eg =0 V at V, = 0 V (undoped graphene).

Figure 7 shows the calculated dependence of graphene plasmons with an example metal grating gate with a grating
periodicity of 500 nm, a grating width of 400 nm, and gate dielectric thickness of 60 nm. Using the same semiclassical
approach as above and following the previous results by Zheng et al. [9], the non-retarded dispersion for plasmons in
graphene separated by d from a perfectly conducting gate can be written as

2
2 e’'E
) Fqn

= , (€)
" ah’e,(s, + &, coth(q,d))

where ¢g,=(2r/a)n, with gate grating period ¢ = 500 nm, integer n, & = 11.68, and g = 3.3 (permittivities of silicon and
PMMA, respectively). For the frequency of the fundamental resonance (n = 1) in Figure 7, graphene is assumed to be
undoped (i.e. Er =0 V when V, = 0 V). The dispersion relation derived here may not be accurate at £ = 0, but the
behavior of the plasmon resonance with applied gate voltage should still be valid elsewhere as stated previously.
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Figure 8: The calculated transmission spectrum of graphene corresponding to a gate voltage of 2 V from figure 7, with a
= 500 nm and gap-to-period ratio of #/a = 0.2.
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Figure 8 presents a calculated transmission spectrum of graphene based on the previous analysis on the HEMT
plasmonics [9]. For this calculation, we chose a Fermi energy of 0.09 eV, corresponding to a carrier concentration of n =
6.08x10"" cm™. This value for Fermi energy corresponds to an applied gate voltage of 2 V from Figure 7. The
relaxation time is proportional to the mobility, here assumed to be iz = 10000 cm*/V-s, and is calculated as

pihnz

V4 _
= =9x10™s, 4
evy
where vy is the Fermi velocity and equals 1.1x10° m/s. The resonance peaks are very sharp, owing to the high carrier
mobility and long relaxation time. As such, graphene is an ideal material for HEMT plasmonics applications.

It is important to understand the role of the substrate on the graphene, as this can influence the density and mobility of
the charge carriers [14]. Figure 9 shows the measured transmittance of graphene on a silicon substrate. The broad dip in
transmittance between 400 and 500 cm™ is most likely due to an oxide layer on the silicon. The decrease in transmittance
at long wavelengths gives evidence for free carrier absorption, which implies that the as-deposited graphene is not
charge neutral, as assumed in our derivation of Figure 7. Thus, the choice of materials for both the substrate and the top
dielectric layer will affect the range of Fermi energies available for attainable gate voltages, giving another method to
tailor graphene-based HEMT plasmonic devices to a range of desired wavelengths.
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Figure 9: Transmittance of graphene on silicon. The CVD grown sample had a 1 cm? cross section. The spectrum was collected
using a Fourier spectrometer with globar source, mylar pellicle beamsplitter, and room temperature pyroelectric detector. At longer
wavelengths the transmission decreases due to free carrier absorption.

4. SUMMARY

InGaAs/InP HEMT devices each fabricated with grating-gate period designed to allow coupling of mm-wave radiation
to resonant plasmon absorption. Expectations for the detection of a corresponding electrical response to mm-wave
radiation from frequency modulated BWOs were calculated. Furthermore, we have also explored the possibility of using
CVD-grown graphene in the HEMT-based plasmonic devices and find that the use of graphene will enhance the utility
of HEMT-based plasmonics in lightweight, transparent, and flexible electronics.
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