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Experimental results of direct measurement of resonant terahertz emission optically excited in InGaAs HEMT
channels are presented. The emission was attributed to two-dimensional plasma waves excited by photogeneration
of electron—hole pairs in the HEMT channel at the frequency of the beating of two cw-laser sources. The presence of
resonances for the radiation emission in the range of fo+10 GHz (with fo from 0.3 up to 0.5 THz) detected by a Si-
-bolometer is found. The intensity of THz emission exhibits a nonlinear growth with increase of the pumping power.

PACS: 72.15.Nj, 72.20.Ht, 72.30.+q

1. Introduction

Actually a great advance in the realization of solid-
-state terahertz (THz) sources comes from the emission of
THz radiation from nanometric size electronic structures
such as high electron mobility transistors (HEMTs). This
is related to three main features of such transistors:

(i) high mobility of carriers in the transistor channel,

(ii) strong nonlinearity of current flowing along the
channel governed by a gate,

(iii) possibility of tuning the frequency of 2D plasma
waves excited in the channel under the gate by
varying the gate potential [1-5].

These peculiarities of carrier transport in the channel
allow us to use such transistors both for detection and
generation of THz radiation [4, 6]. Recently, the possi-
bility of both resonant and non-resonant detection of THz
radiation based on these transistors was verified experi-
mentally (see, e.g. [4] and references therein). However,
the other possibility, that is to use them as sources of
such a radiation due to spontaneous excitation of plasma
waves in the transistor channel (for example, owing to the
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Dyakonov—Shur instability [1]), up to now is still under
investigation [7].

In the present communication the results of direct mea-
surements of emission of THz radiation caused by photo-
excitation of 2D plasma waves in InGaAs HEMT chan-
nels are presented for the first time.

2. Experimental configuration

The used experimental setup (see Fig. 1) repeats essen-
tially that described in detail in Ref. [§]. Additionally, the
new setup includes: (i) the system of THz emission detec-
tion, and (ii) the sample cooling system. The THz field
emitted by the samples is collected by a 2 inches off-axis-
-parabolic mirror and focused inside a 4 K Si-bolometer
placed close to the mirror. The temperature is decreased
by connecting the sample substrate with thermal trans-
fer ribbons immersed into a nitrogen bath. The temper-
ature of the sample is controlled using a thermocouple.
To avoid the formation of ice on the HEMT-top-facet,
the experiment is made under a helium flow.

Experiments were performed on two HEMTs from
InP technology with gate-length values L, = 50 nm
and 400 nm. More detailed description of HEMT lay-
ers can be found in Ref. [8].

3. Results

The main experimental results are presented in Figs. 2
to 4 which indicate three specific features of the consid-
ered phenomena.
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Fig. 1. Experimental configuration scheme. See text
for details.

8.1. Static source-to-drain current—voltage

Static source-to-drain current—voltage characteristics
of two HEMT structures, namely: for (a) a 50 nm gate
length HEMT with a threshold voltage U, =~ —350 mV
and for (b) a 400 nm gate length HEMT with Uy, ~
—400 mV are presented in Fig. 2, (a) and (b), respec-
tively, for a gate potential U, varied in the region of about
—300 mV to 0 mV with 100 mV step. Solid and dot-
ted lines correspond, respectively, to 300 K and 200 K
lattice temperature. Both HEMTs exhibit the typical
current—voltage relation behavior Jsq(Usa, Ug) of source-
-to-drain current governed by source-to-drain and gate
potentials. With decrease of the lattice temperature from
300 to 200 K, an increase of Jsq up to 10-15% takes
place reaching a maximum value at Uy — 0 V. Such
an increase of Jyq(Usa,Ug) agrees well with the change
of free-carrier mobility in the HEMT channel. Estima-
tions of the mobility change based on I-V relation at
low values of Uyq and Uy ~ 0 V give about a 20-30%
increase in going from 300 K to 200 K. Note that these
I-V relations are independent of the operation regime of
the source-to-drain circuit, when: (i) either the voltage-
-driven operation governed by variations of Uy, or (ii)
the current-driven operation governed by the current Jgq
fixed in external circuit are used.

8.2. Radiation emission from HEMT

Radiation emission from HEMT is a signal detected by
bolometer. In the absence of an external excitation the
experiment does not show any manifestations of radia-
tion emission from HEMTs related to the self-excitation
of plasma waves as predicted in Ref. [1]. A sharp reso-
nant growth of the bolometer response was observed only
under stimulated photoexcitation at T' = 200 K (Fig. 3).
In this case, the beating frequency was close (with accu-
racy of £10 GHz) to the frequency of the first harmonic
of excited plasma waves in the HEMT channel. For the
HEMTs with L, = 50 and 400 nm the resonant frequen-
cies are, respectively, fo = 455 and fy = 325 GHz (see
Ref. [8] for a more detailed explanation) and they are il-
lustrated by Fig. 3a and b, respectively. As follows from
Fig. 3 there takes place a sharp resonant emission of ra-
diation in the frequency range fo 4+ 10 GHz. It should be
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Fig. 2. Output characteristics at 300 K (solid lines)
and at 200 K (dotted lines) for a (a) 50 nm and (b)
400 nm gate-length transistor. See text for details.

[é)]
o

N w B
o o o

Intensity (uV)

-
o

Intensity (uV)

o N A O
. . I I

&
L]

& .
0 2 4 6
Optical Power (mW)

00 =

10

Fig. 3. Beam intensity emitted by the HEMTs and
measured by a Si-bolometer at 200 K on the top of
HEMT of (a) Ly = 50 nm and (b) Lg = 400 nm. Solid
lines: f = fo and dotted lines: f = fo + 10 GHz.
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Fig. 4. Measured photoresponse versus the optical

beating frequency for 50 nm gate length HEMT (U, =
—0.2 V, I.a = 4 mA at T = 300 K (dotted line) and
at 200 K (solid line). Error-bars are experimental data
joined by eye guidelines.

stressed that the bolometer response dependence on the
pumping power is non-linear. With the increase of the
beating frequency deviation from the resonant frequen-
cies fo more than 10 GHz, the bolometer response signal
went back to the thermal noise level. The minimum fre-
quency step of 10 GHz is dictated by the frequency reso-
lution realized in the beating experiments. The resonant
emission takes place under the saturation of static I-V
curves only (see Fig. 2a and b), that is at Uyq > 0.2 V. For
smaller values of Uy, the bolometer response remained
within the thermal noise.

3.8. Rectification of induced ac currents
i HEMT channel

Due to the nonlinear character of the current flow in
HEMT channels there exists a possibility to realize a self-
-control of the induced plasma wave intensity by measur-
ing, under fixed drain current regime, the dc component
of the source—drain voltage drop Uyq as a function of the
external signal frequency f. Figure 4 illustrates the de-
pendence of the relative magnitude of such a photore-
sponse Iy for the HEMT with L, = 50 nm

Ry =2l O )
sd

where Ugq(f) is the source—drain voltage at the beating
frequency f, while Uy is the source—drain voltage drop
at f = 0. Here solid and dotted lines correspond to mea-
surements performed at 300 and 200 K, respectively and
were obtained for the maximum pumping power of 8 mW
provided by the laser system. As follows from Fig. 4, the
self-detection has a resonant character with a peak at
frequencies fo = 475 and 455 GHz at 300 and 200 K,
respectively. Let us note that at 7' = 200 K the resonant
frequency of self-detection coincides exactly with the res-
onant frequency obtained in measurements of the emis-
sion intensity (see Fig. 3). As one can see from Fig. 4, the
resonance linewidth described by the full width at half
maximum (FWHM) sharply decreases from 40 to 5 GHz

with temperature decrease from 300 to 200 K. Let us
note that the estimation of the FWHM at T = 200 K
corresponds to the limiting value determined by the ac-
curacy of the measured beating frequency. Therefore, the
FWHM real value can be even less than the above estima-
tion. An important difference in the results of emission
and self-detection is that at 300 K the bolometer does not
detect any emission of radiation while the self-detection
indicates a resonant photoexcitation of plasma waves at
a slightly blue-shifted frequency fo = 475 GHz (with re-
spect to 455 GHz).

Summarizing experimental results we can state that in

going from 300 to 200 K:

(i) the static -V relations are slightly changed show-
ing about 20-30% variation of a carrier-mobility in
the HEMT channel,

(ii) both techniques (based on emission and rectifi-
cation spectra) allow us to detect photoexcited
plasma waves in the HEMT channel with disper-
sion of 2D plasma waves predicted by the analytical
approach [9],

(iii) the direct radiation emission was measured only at
200 K while at 300 K it was absent,

(iv) the detection by using rectification effects shows a
photoexcitation of plasma waves at both 300 and
200 K with a resonance quality increase of about
one order of magnitude.

As a consequence one can conclude that the observed
resonant emission at T = 200 K is directly related to
the induced excitation of 2D plasma waves, since: (i) the
emission is absent with the absence of photoexcitation,
and, (ii) the resonant frequency values coincide with
those predicted by the analytical theory [9].

4. Conclusion

Let us consider possible interpretations of the obtained
results. The experimentally observed shrinking of the
resonance linewidth by one order of magnitude while the
increase of the carrier mobility is up to 20-30% only, al-
lows us to suppose that, in going from 300 to 200 K, the
plasma-wave instability threshold (see, e.g., [1]) is ap-
proached or slightly surpassed. In these conditions the
emission results can be interpreted in two ways. On the
one hand, supposing that the sensitivity of the whole
system (mirrors and bolometer) used for THz emission
detection is insufficient to detect excitation of weak self-
-oscillations, we measure merely an induced resonant
emission at a high-level of photoexcitation. However, in
this case the detected emission power must be linearly re-
lated to the optical pumping power. On the other hand,
one can suppose that there takes place a hard start-up of
self-oscillations which occur in nonlinear systems under a
certain finite amplitude of an external action. The latter
regime allows us to explain the sharp nonlinear growth of
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the radiation emission intensity with increase of the pho-
toexcitation power. In both cases, further more detailed
experiments are required to clarify these explanations.
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