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Abstract. Forward and reverse current-voltage (I-V) characteristics of light emitting diodes based on
GaN epitaxial films were investigated by differential spectroscopy. This technique is based on calculat-
ing the differential slope of the I-V curve in the log-log scale in the following form: α = d lg i/d lg V and
γ = d lg α/d lg V. The main peculiarity of reverse I-V curves is the absence of rectification. The I(V)
dependence can be approximated as  i~V3 at low bias and i~V4 at high bias. These functions correspond
to a high and superhigh level of double injection of current carriers, respectively. The forward current
depends on voltage exponentially, with the ideality factor ranging from 6 to 8 under the bias of up to 1.5
V. The α(V) dependence has two maxima corresponding to a change of the charge flow mechanism from
carrier diffusion to the field mechanism in the first case and to overcoming the recombination barrier in
the second case. The second maximum is followed by light emission. Behavior of the I-V curves in
temperature range from 150 K to 400 K is discussed and compared to that of spectral, kinetic, and
power-current characteristics measured in the same temperature range.
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1. Introduction

Recent years have been marked with a burst of interest to
GaN-based compounds, which showed much promise as a
material for commercial light-emitting diodes (LED�s) op-
erating in the violet range. This became possible due to the
great progress in the technology of GaN cleaning and dop-
ing, allowing both n- and p-type conductivity (and thus a p-
n-junction) to be achieved. Some laboratories (in USA and
Japan) have manufactured experimental samples of LED�s
and lasers emitting light in the blue-violet range (370�
450 mm) due to Si and Mg (or Zn) doping [1�2]. Structural,
electrical, optical and other properties, energy diagrams and
properties of the most relevant dopants were investigated [1].
The temperature coefficient of the band gap [3, 4], the tem-
perature coefficient of thermal expansion [5], heat conduc-
tivity [6] and the temperature of p-n-junction overheating
by current flow were determined [7]. However, until recently,
the effect of thermal injection processes on the charge flow
and on the transformation of radiative recombination centers
in this kind of LED�s has not been investigated. Some of
these problems have become the subject of the present work.

2. Experimental results and discussion

GaN-based samples containing light-emitting p-n-junctions
were manufactured as described in [8]. They were investi-
gated in detail in the temperature range from 290 K to
360 K, which is most relevant froü the viewpoint of techni-
cal application.

Fig. 1 shows forward and reverse I�V characteristics of
a sample under investigation and their differential represen-
tation in the form α = dlgi/dlgV. This representation demon-
strates the power law dependence i(V) = Vα in the sections
where the differential slope α = const. Fig. 1 shows no rec-
tification under the reverse bias (only a weak rectifica-
tion is observed at a voltage lower than 0.3 V) at room tem-
perature. To the contrary, this curve is superlinear with a
differential slope α = 3 and α = 4. These values of the I-V
logarithmic slope indicate a high (α = 3) and superhigh
(α = 4) injection of majority carriers into the high-resist-
ance layer of the structure [9, 10]. Under the forward bias,
I�V curves can be described by the exponential law. How-
ever, in this domain the ideality coefficient m, defined as
m = eV/αkT, has the values ranging from 6 to 8, thus indi-
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cating that the forward I-V curve cannot be described by the
Schockley�Noice�Saa theory. Also, this section of the curve
shows no sign of the tunneling current component (in its
presence, α should be equal to 4). We would like to point
out that for semiconductors with a wide band gap E

g 
(for

GaN E
g 
= 3,36 eV), the conventional theory of a p-n-junc-

tion can should be used with certain caution because of the
low values of the minority carrier lifetimes τ (see below)
and mobilities µ [1], which results in a violation of the con-
dition L

D 
> L

e 
(were L

D
 and L

e  
are the diffusion and Debye

screening lengths, respectively). As for the temperature
dependences of the differential slope of the forward and re-
verse I-V curves, it should be noted that throughout the tem-
perature range examined (from 150 K to 360 K) no remark-
able changes of the current flow mechanisms occur. How-
ever, at lower temperatures the point where the behavior of
current changes from ohmic to injection shifts to lower
voltages. Obviously, this is caused by the change of the band
gap width with temperature.

Figs. 2 and 3 show the electroluminescence spectra of
LED�s measured for different currents at T = 291 K (fig. 2)
and for different temperatures at i = 30 mA (fig. 3). The
halfwidth of the emission band is shown in fig. 4 as a func-
tion of current in the ultraviolet (hν

max1 
= 3.36 eV at j→∞)

and violet (hν
max2 

= 2.28 eV at j→∞) ranges, respectively. It
is seen from the figures that the relative intensity of the first
band (I

1
) rises with respect to that of the second band (I

2
)

with the increase of current i. At i ≥ 15 mA this process is
accelerated due to the saturation and then decrease of I

2
.

The growth of temperature intensifies this process due to a
stronger thermal quenching of  the second band intensity I

2
[7].

The onset of a high-intensity violet light emission was
detected at i = 0.1 mA. However, the peculiarities of the
I-V and α(V) dependences observed at V = 0.8 B

(i~10-8 A) suggest that the main location of recombination
shifts from the cathode region to the anode region, and that
the minority carrier injection enhances. In our opinion, this
is one of the premises for subsequent light emission. At this
bias, the forward current begins to exceed the reverse one.
There are two maxima after the exponential section of the
α(V) dependence. The first maximum indicates the transi-
tion from the diffusion to field mechanism of charge flow,
whereas the second one can be attributed to overcoming the
high recombination barrier, after which the emission of light
begins. The absence of any significant dependence of the
I-V slope on the temperature suggests the field (or even the
tunnel) mechanism of charge transport. The shift of the I-V
curve to larger currents (at higher temperatures) correlates
with a decrease of t after thermal injection treatment (see
below).

Let us analyze in more detail the influence of thermal
injection factors on  I

2. 
This emission band is widely used

for design of LED�s emitting in the violet region. At low
excitation levels, the value of energy at the maximum of the
I

2
 band is minimal. Increase of i up to 15 mA shifts hν

max2
 to

higher energies (shorter wavelengths). This is caused mainly
by an increase in the concentration of nonequilibrium mi-
nority carriers. Such a dependence cannot be explained by
recombination of two charge carriers, of which at least one
is free. However, it is well known both experimentally and
theoretically [11] for recombination of two bonded charge
carriers. An electron localized at a donor and a hole local-
ized at an acceptor are called a donor-acceptor pair (DAP).
In this case, with an increase of the excitation level, the DAP�s
in which the donor and acceptor located far apart («long-
living» configurations), that are responsible for emission of
long-wave photons, are more quickly saturated than «close»
DAP�s because of the lower probability of the interimpurity
transfer

Fig. 1. Typical forward (1) and reverse (2) I-V
curves of GaN-based p-n- junctions at T = 291 K.
The inserts show the dependence δ (V) of the volt-
age in case of forward (a) and reverse (b) bias.
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W ≈ exp(�2r/a)

where r is the distance between the donor and acceptor, and
a is the greater one of the electron and hole Bohr radii. In
the current range from 15 mA to 50 mA, the position of the
DAP band maximum is essentially unchanged, and with a
further increase of i shifts to longer wavelenghths. The lat-
ter is caused by thermal injection heating of the region where
the DAP emission is generated, whereas the stable position
of hν

max2
 results from the competition between the above-

mentioned heating and a mechanism associated with an in-
crease of the excitation level of the system.

Analysis of the shape of the DAP band shows that, in
accordance with theory [11], at low excitation currents 
(i ≤ 1 mA) it is broadened due to the growth of the share of
its long-wave part.

The halfwidth of the band in these conditions is 420 meV.
This is due to the transfer of electrons from shortliving to
longliving configurations. As the current increases up to
20 mA, the halfwidth of the DAP band decreases insignifi-
cantly (down to 400 meV) due to a decrease in the intensity
of the long-wave part of the I

2 
band. In the current range

from 20 to 50 mA, the halfwidth of this band increases in-
significantly because of the enhancement of the longwave
part, but does not reach the level observed at a low
(i < 1mA) current. At i > 50 mA, the spectrum changes sig-
nificantly due to the growth of the long-wave part of this
band, and the halfwidth increases sharply from 400 meV (at
i = 50 mA) to 440 meV (at i = 60 mA), which is caused by
the effect of the thermal injection current (see fig. 4).

Analysis of the temperature dependence of emission
band (I

2
) shape in the range from 20 to 80°C shows that

both at low (i = 1 mA) and at high (i = 10 mA) current (i.e.
excitation level) it is unchanged. This indicates the absence
of thermal injection of both electrons and holes in such struc-
tures [11]. Energies of the levels (both acceptors and do-
nors) that which form DAP�s are high, which agrees with
the data known from literature [1, 5].

As for the temperature dependence of the band 1, its
width is practically unchanged for the current ranging from

0.1 to 30 mA, which is typical for the band-to-band transfer.
Further increase of the current results in a significant widen-
ing of this band (110 meV at i = 60 mA). That is caused by
the thermal injection heating of LED�s active area.

Analysis of the electroluminescence kinetics measured
at pulse currents (>50 mA) shows that its decay is
nonexponential (especially, at the initial stage). At first, emis-
sion from the shortliving pairs occurs, and only in the curve
tail the decay is close to exponential. At higher excitation
levels, the EL decay is accelerated. The duration of this proc-
ess does not exceed  100�150 sec (with a long tail of the
relaxation curve, caused by the longliving DAP recombina-
tion). Therefore, most of the charge carriers localized on the
donors and acceptors recombine through shortliving con-
figurations (the low-radius DAP). In our opinion, this situa-
tion results from the fact that most of the electrons and holes
localized on the large-radius DAP�s transfer through ther-
mal exchange with appropriate bands (especially, this ap-
plies to electrons) to the short-radius DAP�s. The character
of kinetics shows that the main channel of minority carrier
recombination is irradiative, i.e. the internal quantum yield
of irradiation is close to 1.

Measurements of the effective lifetime of minority carri-
ers made by the technique of switching the p-n-junction from
forward to reverse bias [12] allow estimating the effective
life time of charge carriers associated with their diffusion
and spreading. These measurements show that the value of τ
changes in the range from 3 to 5 nsec, and drops when cur-
rent increases. The decrease of τ

ef
 with an increase of the

excitation level indicates a significant compensation of the
n- and p- regions of the LED material. As t was only slightly
higher than the sensitivity of the measurement system (2�
3 nsec), we were not able to measure the temperature de-
pendence of t.

3. Conclusion

The effect of thermal injection heating of LED�s on their
I-V characteristics and electroluminescence spectra (espe-
cially the band associated with recombination via donor-ac-
ceptor pairs) was analyzed.

Fig. 2. Electroluminescence spectra of a GaN diode at T = 291 K
and various current values, mA: 1 �2, 2 � 10, 3 � 50, 4 � 30.

Fig. 3. Electroluminescence spectra at i = 30 mA and various tem-
peratures: 1 �353 K, 2 � 333 K, 3 � 313 K, 4 � 291 K.
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The temperature (in the range from 100 to 350 K) was
found to have no significant effect on the mechanisms of
charge carrier injection and recombination.

It was shown that the main mechanism of recombination
is radiative  recombination via DAP. This is indicated both
by the nonexponential EL decay curve and the EL spectra.

It was also found that the DAP recombination does not
change its intensity with an increase of temperature and cur-
rent. However, faster saturation of the DAP takes place,
because of its lower probability.
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Fig. 4. Dependence of the DAP (1) and band-to-band (2) emis-
sion band halfwidth on current at T = 291 K.
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Ðåçþìå. Ïðÿì³ òà çâîðîòí³ âîëüò-àìïåðí³ õàðàêòåðèñòèêè (ÂÀÕ) ñâ³òëîâèïðîì³íþþ÷èõ ä³îä³â íà îñíîâ³ GaN åï³òàêñ³éííèõ
ïë³âîê äîñë³äæåíî ìåòîäîì äèôåðåíö³éíî¿ ñïåêòðîñêîï³¿. Îñíîâó öüîãî ìåòîäó ñêëàäàº âèçíà÷åííÿ äèôåðåíö³éíîãî íàõèëó
êðèâî¿ â ïîäâ³éíîìó ëîãàðèôì³÷íîìó ìàñøòàá³ â âèãëÿä³ α = d lg i/d lg V òà γ = d lg α/d lg V. Îñíîâíîþ îñîáëèâ³ñòþ çâîðîòíî¿
ÂÀÕ º â³äñóòí³ñòü âèïðÿìëåííÿ. Âèÿâëåíî àïðîêñèìàö³¿ ÂÀÕ i~V3 òà i~V4 â îáëàñòÿõ íèçüêîãî òà âèñîêîãî çì³ùåííÿ, â³äïîâ³äíî.
Öå â³äïîâ³äàº âèñîêîìó òà íàäâèñîêîìó ð³âíÿì ïîäâ³éíî¿ ³íæåêö³¿ íîñ³¿â ñòðóìó, â³äïîâ³äíî. Ïðÿìà ÂÀÕ ïîêàçóº åêñïîíåíö³éíó
ïîâåä³íêó ç ôàêòîðîì ³äåàëüíîñò³ â³ä 6 äî 8 â îáëàñò³ çì³ùåíü äî 1.5 Â. Ïîò³ì íà çàëåæíîñò³ α(V) ìàþòü ì³ñöå äâà ìàêñèìóìè,
ÿê³ â³äïîâ³äàþòü çì³íåííþ ìåõàí³çìó ñòðóìîïðîõîäæåííÿ â³ä äèôóç³éíîãî ñòðóìó äî ïîëüîâî¿ åì³ñ³¿ â ïåðøîìó âèïàäêó òà
ïîäîëàííþ ðåêîìá³íàö³éíîãî áàð�ºðó ó äðóãîìó. Ò³ëüêè ï³ñëÿ äðóãîãî ìàêñèìóìó ïî÷èíàºòüñÿ âèïðîì³íþâàííÿ ñâ³òëà.
Îáãîâîðþºòüñÿ ïîâåä³íêà ÂÀÕ â òåìïåðàòóðíîìó ä³àïàçîí³ â³ä 150 K äî 400 K. Ïðîâåäåíî ïîð³âíÿííÿ ÂÀÕ òà ñïåêòðàëüíèõ,
ê³íåòè÷íèõ ³ àìïåð-ÿñêðàâ³ñòíèõ õàðàêòåðèñòèê â òîìó æ òåìïåðàòóðíîìó ä³àïàçîí³.
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Ðåçþìå. Ïðÿìûå è îáðàòíûå âîëüò-àìïåðíûå õàðàêòåðèñòèêè (ÂÀÕ) ñâåòîèçëó÷àþùèõ äèîäîâ íà îñíîâå GaN ýïèòàêñèàëüíûõ
ïëåíîê èññëåäîâàíû ìåòîäîì äèôôåðåíöèàëüíîé ñïåêòðîñêîïèè. Îñíîâó ýòîãî ìåòîäà ñîñòàâëÿåò îïðåäåëåíèå
äèôôåðåíöèàëüíîãî íàêëîíà êðèâîé â äâîéíîì ëîãàðèôìè÷åñêîì ìàñøòàáå â âèäå α = d lg i/d lg V è γ = d lg α/d lg V. Îñíîâíîé
îñîáåííîñòüþ îáðàòíîé ÂÀÕ ÿâëÿåòñÿ îòñóòñòâèå âûïðÿìëåíèÿ. Âûÿâëåíû àïïðîêñèìàöèè ÂÀÕ i~V3 è i~V4 â îáëàñòÿõ íèçêîãî
è âûñîêîãî ñìåùåíèÿ, ñîîòâåòñòâåííî. Ýòî îáóñëîâëåíî âûñîêèì è ñâåðõâûñîêèì óðîâíåì äâîéíîé èíæåêöèè íîñèòåëåé òîêà,
ñîîòâåòñòâåííî. Ïîâåäåíèå ïðÿìîé ÂÀÕ ïîêàçûâàåò ýêñïîíåíöèàëüíûé õàðàêòåð ñ ôàêòîðîì èäåàëüíîñòè îò 6 äî 8 â îáëàñòè
ñìåùåíèé äî 1.5 Â. Çàòåì íà çàâèñèìîñòè α(V) èìåþòñÿ äâà ìàêñèìóìà, êîòîðûå ñîîòâåòñòâóþò èçìåíåíèþ ìåõàíèçìà
òîêîïðîõîæäåíèÿ îò äèôôóçèîííîãî òîêà ê ïîëåâîé ýìèññèè â ïåðâîì ñëó÷àå è ïðåîäîëåíèþ ðåêîìáèíàöèîííîãî áàðüåðà âî
âòîðîì. Òîëüêî ïîñëå âòîðîãî ìàêñèìóìà íà÷èíàåòñÿ èçëó÷åíèå ñâåòà. Îáñóæäàåòñÿ ïîâåäåíèå ÂÀÕ â òåìïåðàòóðíîì äèàïàçîíå
îò 150 K äî 400 K. Ïðîâåäåíî ñðàâíåíèå ÂÀÕ ñ ñïåêòðàëüíûìè, êèíåòè÷åñêèìè è àìïåð-ÿðêîñòíûìè õàðàêòåðèñòèêàìè â òîì
æå òåìïåðàòóðíîì äèàïàçîíå.


