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In the present paper we report on the observation and study of intense spontaneous THz emission from
modulation-doped AlGaN/GaN heterostructure under conditions of heating of two-dimensional electron gas in
lateral electric field. The experimental results are compared with the model of blackbody-like thermal emission

of hot 2D electrons.

Complementary transport measurements and theoretical simulation were carried out to

determine the dependence of effective electron temperature on electric field. The role of non-equilibrium optical

phonon accumulation is discussed.

PACS: 73.50.Dn, 73.50.Fq, 78.60.Fi

1. Introduction

The development of effective and low-cost terahertz
(THz) emitters is widely acknowledged as essential for
the advancement of terahertz diagnostic and informa-
tion technology applications in medicine and biology,
chemistry and physics, nanotechnology, and other areas.
In the past decade, gallium nitride has attracted much
attention for applications in the electrically pumped
THz emitters (see [1-3] and references therein). In the
present paper we report on the observation and study
of spontaneous THz emission from modulation-doped
AlGaN/GaN heterostructures under conditions of two-

-dimensional (2D) electron gas heating in lateral electric
field.

2. Experimental details

Heterostructure was grown by metal-organic vapor
phase epitaxy (MOVPE) method on (0001) sapphire sub-
strate using low-temperature GaN nucleation layer. The
heterostructure represents a standard HEMT structure
consisting of 4 ym insulating GaN buffer, 1 nm AIN in-
terface layer, 20 nm of modulation-doped Aly3Gag 7N
barrier, and 5 nm undoped GaN cap layer. For sup-
pressing the formation of a conductive layer at GaN/
sapphire interface, GaN nucleation layer was annealed
under hydrogen-free ambience, which results in quasi-2D
growth mode of high-temperature GaN buffer from the
beginning of growth [4]. Growth regimes for top of GaN
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buffer and AIN interface layer were optimized for suppres-
sion of interface erosion due to GaN-hydrogen interac-
tion [4]. In accordance with measurements of conductiv-
ity and Hall effect performed by means of DC four-probe
method, surface electron concentration at the AlGaN/
GaN interface is nys = 1.6 x 103 cm™—2 with low-field mo-
bility of 1500 and 5700 cm?/(V's) at the temperature of
300 and 4.2 K, respectively.

Two Ti/Au electrical contacts of a few mm length with
a distance of 1-7 mm were patterned on the top surface of
every sample. To avoid overheating the samples, we used
2 us voltage pulses with a repetition rate less than 1 Hz
for transport measurements. The integral THz emission
intensity was measured in the same pulse regime using a
liquid-helium-cooled Ge:Ga photodetector equipped with
a cold black polyethylene filter. The detector sensitivity
range extended from 41 to 134 pm (from 2.2 to 7.3 THz).

3. Results and discussion

Field dependence of 2D electron mobility in the lat-
tice temperature range of 4.2-300 K (Fig. 1la) was de-
termined from the experimental current—voltage charac-
teristics assuming electron concentration invariability in
the quantum well at the AlGaN/GaN heterointerface.
In low electric fields (less than 100 V/cm) the mobil-
ity is almost constant at every temperature. At lattice
temperatures T > 100 K, the value of low-field mobility
rapidly decreases with temperature due to intensive elec-
tron scattering with optical phonon emission [5, 6]. At
fixed temperature, mobility decreases with electric field
and the most significant decrease is observed at low tem-
peratures when the low-field mobility is large enough to
result in substantial 2D electron heating.
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Terahertz electroluminescence of 2D hot electron gas
is more sensitive to the electric field effect than electron
mobility. Integrated THz emission intensity increases
about three orders of magnitude with the field growth
from 25 to 2500 V/cm (see Fig. 1b). In the same condi-
tions the mobility change is less than one order of mag-

nitude. As far as we know, here we report on the first
experimental observation of THz radiation emission by
hot electrons from AlGaN/GaN quantum wells. Similar
investigations earlier were carried out on GaAs/AlGaAs
quantum wells [7].
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Fig. 1.
integrated intensity of THz emission at T' = 4.2 K.
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Fig. 2.
of the energy relaxation time 7. at T'= 4.2 K.

Let us consider THz radiation emission by hot elec-
trons from AlGaN/GaN quantum wells theoretically.
A non-equilibrium distribution function f(g) of 2D elec-
trons can be approximated by the shifted Fermi—Dirac
distribution with a characteristic temperature T,. The
field dependence of hot electron temperature To(F) can
be found from the power balance equation

epE? = <i‘i>, (1)

where p = u(E) is the field-dependent mobility of 2D
electrons, and () is the total energy loss rate per one
carrier for all energy scattering mechanisms averaged
over distribution function. To solve Eq. (1) we applied
semiempirical method using dependence p(E) from the
experiment (Fig. 1a). The energy loss rate for the i-th
scattering mechanism in 2D electron gas was described

by integral [8]:
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(a) Field dependence of the hot electron temperature for different lattice temperatures. (b) Field dependence
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where ¢, and g, are phonon wave vector ¢ components
parallel and normal to interface, fiw, is the phonon en-
ergy, 6 is the scattering angle, N,(T") is the phonon oc-
cupation number. The probability factors P;(qyy,q.) are
determined in [9]. The form factor |I(g,)|* was taken

in the form |I(g.)]* = %, b = {/24mmense? [koh?

[9, 10], where kg is the low-frequency dielectric constant
of gallium nitride.. We calculated numerically () for
2D electrons in AlGaN/GaN quantum wells at T = 4.2,
78 and 105 K taking into account (i) interaction with
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acoustic phonons via deformation potential coupling and
piezoelectric coupling and (ii) interaction with optical
phonons. The material parameters used for calculations
were taken from Ref. [5].

In particular, for T = 4.2 K it was found that at
T, < 100 K total energy loss rate is small enough be-
cause the dominant energy relaxation mechanism in this
range is acoustic scattering. Processes of optical phonon
emission begin to play a significant role at higher elec-
tron temperatures leading to rapid increase of total en-
ergy loss rate. Respectively one can see a rapid increase
of T, from 4.2 K to 100 K for electric field in the range
0-40 V/cm and limitation of T, growth rate at higher
fields (Fig. 2a). For the lattice temperature 7' = 105 K
the change of the electron temperature AT (F) =T, —T
is smaller because at any electric field optical phonon
emission plays dominant role.

The theoretical model of THz radiation emission by
hot electrons from AlGaN/GaN quantum well can be de-
veloped after [7]. Following this paper, we apply the

classical model of 2D electron gas conductivity o(w) =

2
£l lfilw‘r to calculate the emissivity of 2D electron
e p

system at AlGaN/GaN interface:

Aw) = 4Re[o(w)/eoc] ,
|14+ /ks + 0(w)/eoc|?

where k4 is the dielectric constant of the sapphire sub-
strate and g is dielectric permittivity of vacuum. The
experimental values of u(E) were used to calculate the
relaxation time 7,(E) = meu(E)/e. The spectral density
of a blackbody-like radiation of 2D electron gas with a
temperature T, is given by the Planck distribution

ruu3
I(w,T,) = / 473¢2 [exp (hw/kpTy) — 1]

x A(w) cos(¥)d 2, (3)

where df? is a solid angle element. Then the integral
signal of the Ge:Ga photodetector response was simu-
lated taking into account its sensitivity spectrum and
the background radiation I(w,T). Comparing the exper-
imental dependence of integral intensity of the detected
THz radiation on applied electric field with the calculated
dependence (see Fig. 1b), one can conclude that the ex-
perimental results are qualitatively well described within
the framework of the applied theory of blackbody-like
thermal emission of hot 2D electrons.

However there is a significant quantitative discrepancy
between considered theory and experiment in the range
of high electric fields (F > 1000 V/cm). The discrepancy
can be related to the non-equilibrium optical phonon ac-
cumulation which has not been taken into account in
the simulation. Actually, the simulated energy relaxation
time 7. decreases with the electric field (Fig. 2b) and at
the certain value of electric field (about 1000 V/cm) be-
comes commensurable with the optical phonon lifetime
7, =5 x 10712 s [11]. Therefore at higher fields the op-
tical phonon accumulation takes place.

4. Conclusions

Terahertz radiation emission by hot 2D electrons at the
lattice temperature of 4.2 K was experimentally detected
in the spectral range of 2.2-7.3 THz. The experimen-
tal data on the field dependence of the integral inten-
sity of THz emission was compared with the theoretical
simulation of blackbody-like thermal emission of hot 2D
electrons. Experimental results are in a good qualitative
agreement with considered theory. Significant quanti-
tative discrepancy obtained at electric fields exceeding
1000 V/cm can be attributed to the optical phonon ac-
cumulation.
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