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Influence of low temperature on the electrophysical and noise
characteristics of UV LEDs based on InGaN/GaN quantum well structures
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Comparison of optical power, external quantum efficiency in InGaN/GaN UV LEDs at room temperature and
liquid nitrogen temperature is carried out. The spectral densities of the current low-frequency noise have been
investigated. The mechanisms of carrier transport, the formation of low-frequency noise, and the dependences of
the rates of radiative and nonradiative recombination at room and nitrogen temperatures are considered.
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1. Introduction

The present-day production volume of ultraviolet (UV)
light-emitting diodes (and lasers) based on InGaN/GaN
and AlGaN/GaN is significantly increasing. This is related
to the wide application areas of light-emitting devices of
the given range, inaccessible for semiconductor sources
of visible light. UV light-emitting diodes are used in
industry and dentistry to accelerate solidification processes,
in forensic science, banking business, plant growing, and,
what is very important, in medicine, sanitary science,
cosmetic medicine. Water sterilizing, detection of biological
agents, covert communication and solid-state lighting [1] use
optoelectronic devices of the given radiation range.

Research aimed at studying the physical mechanisms and
improvement of electrophysical characteristics, reliability
and service life in optoelectronic devices of the given
radiation range is of undeniable interest and is widely
discussed in modern publications. One of less-studied
research areas is the behavior of light-emitting diodes under
low temperatures.

A drop of luminescence intensity and external quantum
efficiency with temperature rise was described in several
papers in the ranges: from 280 to 340 [1], from 300
to 500 [2], from 290 to 360K [3]. In this respect, research
of radiating [4,5] and noise characteristics [6] of light-
emitting diodes at low temperatures is promising since
they can be used at negative ambient temperatures (in
freezing chambers). Temperature decrease increases the
luminous flux, reduces the LED degradation rate, reduces
the semiconductor diode noise density. Distribution of
carriers in the phase space for radiative recombination is
improved. The effect of phase space fill makes a consid-
erable contribution to the change of temperature-dependent
coefficients of radiative and nonradiative recombination [2].

Research of noise density makes it possible to improve
the device manufacture and engineering processes, allows
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for prediction of device service life [7], since noise charac-
teristics are sensitive to LED degradation processes.

This paper describes a comparative research of UV
LEDs at room temperature and liquid nitrogen temperature.
The paper is aimed at checking device operability under
a low temperature and the possibility to improve their
characteristics at low temperatures different from the room
one. Recombination processes, carrier transport and noise
generation processes are discussed.

2. Experimental procedure

The experiments were conducted on commercial UV
(UV-A) LEDs with InGaN/GaN quantum wells manufac-
tured by Betlux (BL-L522VC having the peak radiation
energy hvow = 3.06eV or the radiation wavelength of
A =405nm, luminous intensity — 180mecd). The LED
active area was ~ 103 cm?, rated current | = 20 mA.

The light-emitting diode and the measuring photodiode
were located at a fixed distance. A FD-7K silicon
photodiode was used for relative changes of radiation
efficiency and energy. A SCH300 digital ammeter was
used to measure photo-induced current in the short-circuit
mode. A GPS-4303 direct current power source and high-
precision Agilent 34401 A multivoltmeter were also used in
the experiments.

Voltage fluctuations on resistance R = 100 Ohm in time
were recorded by means of an analog-to-digital converter.
The researched frequency band was 10 Hz—7.3 kHz. Noise
power was determined in four bands with the center
frequencies of 20, 70, 270 and 1000 Hz. For more detail
about determination of density of low-frequency current
noise and its spectral dependence by means of a semi-
automatic unit see paper [8]. Current, photo-induced current
and density of low-frequency current noise were measured
at room temperature (T = 295K) and nitrogen temperature
(T =77.4K).
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3. Experimental results

Figure 1,a shows the results of measurement of optical
power (photodiode current) vs. forward-bias current .
At T =295K the photoinduced current dependence in
conventional Iy, ocl. At T =77.4K the dependence
has several peculiarities: a)a considerably lower thre-
shold current Iy, = 1.0uA; b)at 1 <I <30uA and at
1 <1 <20mA Ipy ocl. At intermediate current values
30puA <1 <0.6mA |, 105 the photoinduced current
dependence at low temperature first exceeds the photoin-
duced current at room temperature, and drops below it after
the area |, oc 10

Figure 1,5 shows the dependences of external quantum
efficiency on current 7(l). The dependence at T = 295K
has the conventional typical form with a slight drop at cur-
rents | > 10 mA. Efficiency at liquid nitrogen temperature:
a) in the maximum it is 2times greater than the efficiency
at room temperature; b) the most abrupt drop is observed
for the current area which corresponds to the dependence
I'ph o< 193, Efficiency increase at milliampere currents cor-
responds to saturation and beginning of efficiency decrease
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Figure 1. Dependences of photoinduced current (a) and external

quantum efficiency (b) on forward-bias current for UV LED at
T,Ki 1 —295,2—1714
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Figure 2. Dependences of current on voltage |(V) at T,K:
1—1295,2—1774.
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Figure 3. Dependences of current noise spectral density for dif-
ferent analysis frequencies at T,K: 1,2,3,4 — 295, I', 2, 3", 4 —
774. Analysis frequency, f, Hz: I,1" — 20, 2,2" — 70, 3,3 —
270, 4,4 — 1000.

at room temperature. The dependences were normalized to
the maximum value of n at T = 77.4K.

The dependences of flowing current on forward bias on
the studied LEDs at T = 295 and 77.4K are shown in Fig. 2.
The current-voltage characteristic at room temperature is
conventional. When temperature decreases to T = 77.4K,
the dependence shifts towards higher voltages.

The measured current-voltage dependences (Fig. 2) were
used to determine the estimated current dependences on
voltage on the p—n-transition |(V;). V, =V —Ir, where
r is series resistance (14Ohm). The obtained depen-
dences were approximated by the exponential function
I =lgexp(qVi/n(V))kT), where q — elementary charge,
KT — thermal energy, nm (Vi) — ideality factor which
characterizes the current passage specificity, calculated as
ni(1) = (a/KT)/(dInl/dV)).

Figure 3 shows the dependences of spectral density of
low-frequency current noise on current at two temperatures
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Figure 4. Frequency dependences of current noise spectral

density at T,K: 1,23 — 295, 1',2/,3' — 774. At |, mA: I —
053,1' —034,2 —32,2 —33,3— 210, 3 — 200.

for four analysis frequencies. Each frequency is characteri-
zed by an intersection point, after which the dependence
of noise density at liquid nitrogen temperature increases
sharply and is eventually by an order or more higher
than the corresponding dependence for room temperature.
Current noise density on these areas at T =77.4K is
S x 123,

A comparison of the frequency dependences of spectral
density of low-frequency current noise at two temperatures
is shown in Fig. 4. With milliampere currents, the observed
noise density is considerably higher at T =77.4K than
at T = 295K. The dependences at both temperatures are
close to § o 1/f% (a > 1) noise. Dependence at nitrogen
temperature and | = 20 mA sharply increases only at the
lowest frequency (S oc 1/f4).

4. Discussion

The fact that external quantum efficiency at low tem-
peratures exceeds efficiency at room temperature (in our
case, UV LEDs at | < 0.2mA) is explained by a) decrease
of nonradiative recombination rate; b) increase of radiative
recombination due to better overlap of the electron and
hole wave functions (radiative recombination coefficient
depends on temperature in inverse proportion to T3/2 [9]);
c) decrease of tunnel leakage of carriers from a quantum
well (QW) through the bulk charge region [10,11]; d) at
T < 80K the transfer of some carriers into quantum wells
is ballistic or quasiballistic [5]. This improves the transport
of carriers to active zones.

The area of slower increase of photoinduced current
at nitrogen temperature corresponds to the area of a
sharp decrease of quantum efficiency, and, as distinct from
the data in [12], it becomes significantly lower than the
efficiency at T = 295 K. Paper [12] described a monotonous
rise of efficiency with temperature decrease (but not lower
than T = 160K) in the current range under study.
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According to the ABC model (see, for instance, [13]), for
internal quantum efficiency

Bn?
An+BnZ+Cn3’

where A,B,C — coefficients of Shockley—Read-Hall
(SRH) nonradiative recombination, radiative recombination
and nonradiative Auger recombination respectively; n —
carrier concentration. A fourth term F(n) is added to the
denominator to take into account the charge carrier outflow
from a quantum well [14]. The calculated dependences:
a) of A, B, C coefficients on temperature are given in [2],
b) recombination rate on current for different mechanisms
are given in [15]. B and C increase as temperature
decreases. An additional factor is carrier concentration
which increases with current increase. B decreases with
increase of n, while A increases. This can explain the
descending section of quantum efficiency at T = 77.4K
(see Fig. 1,b). Subsequent efficiency increase (I > 2mA)
is due to the fact that radiative recombination rate at such
currents prevails over nonradiative recombination rates [15].

An insignificant increase of current noise density (S o I)
at the frequencies of 20 and 70Hz on the initial area
(I <10uA) of the current dependence (Fig. 3) does not
allow for making a conclusion on presence of a fractal-
percolation system in the samples [6]. A significant increase
of noise at | > 0.5mA for both temperatures (S o< 1)
can be explained by rearrangement or formation of new
defects [16,17], flowing high-density current due to a non-
uniform distribution of the carrier stream along the LED
structure cross-section [6,16]. Such changes in the defect
spectrum can be due to energy emitted under nonradiative
recombination, i.e. SRH and Auger recombination, since the
emitted energy is close to the band gap [15,18].

Figure 4 confirms an increase of low-frequency noise den-
sity at T = 77.4K as compared to room temperature for the
milliampere current range (curves 2, 2’, 3, 3'). These depen-
dences at a higher current have a sharper slope (x 1/f¢)
in the low-frequency part, @ > 1. Special attention should
be paid to the dependence 3 (I =20mA T = 77.4K),
for which at the lowest frequencies (f < 30Hz) a = 4;
at 30Hz < f < 1000Hz «a ~ 2, ie. it is Lorentzian. An
increase of noise density with increase of the current
magnitude at > 3000 Hz may mean an increase of Gaussian
noise. Noise with a ,,white” spectrum at these frequencies
is associated with shot noise due to incidental photon
radiation [7].

The observed frequency dependences of noise density
with a > 2 presuppose adding-up of several kinds of noise
having a different nature. Such noise can be flicker
noise, generation-recombination noise (having S o 12 [19]),
telegraph noise and noise related to defect tunneling.

The role of defects in GaN-based nitride nanostructures
is ambiguous. A high density of defects with deep levels in
LED structures with InGaN/GaN quantum wells ensures the
trap-assisted tunneling of charge carriers (TAT, the model
is outlined in [20]) through potential barriers to the active

Nint =
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region. This kind of carrier transport becomes predominant
with temperature decrease [21,22]. The duality of defect
occurrence in the space charge region (SCR) consists in
involvement in SRH recombination and provision of carrier
transport.

As distinct from resonant tunneling, the critical factor
in case of the TAT mechanism is the distance between
impurities and defects, but not the width of space charge
region (SCR). This mechanism is implemented not only in
InGaN/GaN light-emitting diodes, but, as shown earlier, also
in p—i—n-diodes on amorphous silicon (a-Si:H) [23]. Thus,
we can speak of possible hopping transport where carriers
tunnel to distances of 3—5 um. Tunneling takes place across
zone ends and defects, density of which is the minimum
directly near a QW.

A model of the mechanism of low-frequency noise gene-
ration based on fluctuation of center occupation under hori-
zontal energy transitions [8], despite the physical difference,
is described using the same mathematical representations
(Lorentzian noise spectrum) as generation-recombination
noise [24], related to vertical energy transitions between
centers and unoccupied bands. Fluctuations are determined
by a random distribution of centers in depth of the barriers’
SCR and an exponential dependence of hopping frequency
on distance between centers, determined by density of states
at the tunneling level [25,26], which causes fluctuations of
center filling and current noise.

A possible defect formation and a change of the spectrum
of deep centers in the band gap of InGaN/GaN structures
with quantum wells at | > 0.5mA manifests itself in an
increased defect-assisted carrier tunneling and fluctuation of
hopping resistance. The non-uniform distribution of local
hopping resistance causes modulation of through current
and increase of low-frequency noise.

The calculated value of ideality factor n; (from the
current-voltage dependence at T = 295K, see Fig. 2) does
not exceed 3, in the range of 100 uA—1mA it decreases
to 1.4, while at | > 10mA it drops to 1. It means that
the fraction of defect-assisted tunneling current decreases
as forward bias increases, while the fraction of over-barrier
carrier injection in QW increases, radiative recombination
in QW increases. The magnitude of n; at liquid nitrogen
temperature in almost the entire range of measured currents
is Ny > 7 and defect tunneling prevails in the current,
recombination in barriers reduces efficiency as compared to
room temperature. Accordingly, generation-recombination
noise prevails in Lorentzian noise at room temperature,
while the fraction of tunneling resistance noise is significant
at T =77.4K.

5. Conclusion

1) The performed testing has shown operability of UV
LEDs under low temperatures (T = 77.4K).

2) A considerable increase of current noise density
at T =77.4K presupposes less reliable operation of
InGaN/GaN LEDs in such conditions. Defect tunneling
plays an important role in the carrier transport.

3) Despite the increase of external quantum efficiency
at low currents (< 100 uA) at liquid nitrogen temperature,
efficiency decreased at nominal currents. Additional re-
search is required to determine the boundary temperature
of positive and negative changes under cooling.

Thus, the performed analysis of characteristics of com-
mercial UV LEDs based on InGaN/GaN structures with
quantum wells at room temperature and liquid nitrogen
temperature has revealed a significant drop of external
quantum efficiency and an increase of low-frequency current
noise density at nominal currents and T = 77.4K. The
possible physical mechanisms to explain the observed effects
are presented. At T = 77.4K, the significance of defect tun-
neling in carrier transport increases; the spectrum of defects
can change due to energy released during recombination.
The current dependences of efficiency and noise density at
intermediate temperatures are of doubtless interest.
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