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The introduction of LED light sources, which has led to significant energy savings, requires energy-
saving power sources. The main attention of LED driver developers is paid to the search for pulsed sources,
the work of which is based on the results of studies of dynamic processes occurring in the LED structure
itself. To study the influence of current pulses on the electrophysical parameters of LEDs, the small pertur-
bation method was used in this work. The results of measurements of the differential resistance and capac-
itance of LEDs for various stationary states are presented. They are the main quantities that control tran-
sient processes in electrical circuits and play an important role in the development of pulsed power sources.
It is shown that the increase and decrease of the injection current and the light flux are well described by an
exponential dependence, and the time constant of the kinetics of the light flux is much greater than the
current, which is associated with the lifetime of the donor-acceptor pairs. It was established that at a forward
bias voltage of > 2.65 V and a pulse frequency of 1 kHz, the reactive component associated with the capaci-
tance of the LED disappears in the relaxation current, which makes it an active energy consumer. Based on
the results of the study of the kinetics of the light flux, the maximum pulse frequency of the LED driver was
determined to be 100 kHz.
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1. INTRODUCTION

To study the influence of current pulses on the elec-
trophysical parameters of the diode, this work uses the
small perturbation method, which has found application
in theoretical physics, namely in quantum mechanics
when finding solutions to the Schrédinger equation [1].
Its use in electrical engineering is focused on studying
the dynamic characteristics of the system, when it is
fixed in a stationary state, and by applying a small per-
turbation, measurements of its parameters are made.
The perturbing signal does not affect the stationary
state, which allows measurements to be made at differ-
ent points of the I-V characteristic. A small perturbation
can be a rectangular current or voltage pulse, the fronts
of which are analyzed in the time range, or a small oscil-
latory perturbation with a certain angular frequency o
with a change in the frequency range.

The small perturbation method allows measuring the
differential resistance and capacitance of LEDs for differ-
ent steady states. In [2], a method for measuring and cal-
culating the electrical characteristics of quantum dot-
based micro-LEDs under the action of a small AC direct
voltage is considered. The authors calculate the differen-
tial resistance and capacitance from the circuit imped-
ance. The presented results show the existence of nega-
tive capacitance at low frequencies and high voltages.

The method of small perturbations associated with
the stationary state in measuring the lifetime of charge
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carrier recombination in halides perovskite devices was
used in [3]. It was noted that the lifetime is affected by
various additional device properties, such as multiple
trapping effects and capacitive charging. An equivalent
circuit was proposed and used to interpret the results.

In [4], a small-signal method is proposed for deter-
mining the carrier lifetime in solar cells. It is shown that
intensity modulated photovoltage spectroscopy in the
frequency domain of lifetime measurement does not de-
scribe the recombination dynamics, but is limited by the
differential resistance of the diode and its capacitance.

In [5], for measuring the differential carrier lifetime in
InGaN -based LEDs, the small perturbation was the opti-
cal excitation signal of the recombination centers. The re-
sults obtained based on the dynamics of the electrical and
optical perturbations were very close, which indicates the
possibility of using different perturbation signals.

In [6], an analytical model was proposed for interpret-
ing the steady-state response and the response to small dis-
turbances in both the time and frequency domains.

The purpose of this work was to theoretically sub-
stantiate the use of the small perturbation method in
measuring the dynamic characteristics of LEDs and
studying their behavior when changing the forward bias
voltage, and to analyze electrophysical processes in the
structure of LEDs when applying current pulses.
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2. THEORETICAL JUSTIFICATION OF THE
SMALL PERTURBATION METHOD

At a given voltage V forward bias current will flow
through the diode according to the Shockley equation:

I=Is[e”X’T-1]a (1)

where Isis the saturation current at a negative voltage
on the diode V; V, =kT /q — thermal voltage, which at

300K is 26 mV; m — the ideality coefficient of the LED.
In such a steady state, the carrier concentration in
the heterojunction shells according to Boltzmann statis-
tics will be equal to:
v

N.=Nge"", )

where N¢is the total carrier concentration in the shell
region; Ns— carrier concentration at reverse voltage.

If a constant bias is applied to the LED, thus creating
a homogeneous steady state, and then a small variable

perturbation is applied V.=V, +ve’, then variable

components are added to the steady state for all param-
eters:

I=1I,+ie’ ,N,=N_+ne’ ,N =N, +ne . (3)
In this situation, the change in carrier density in the
active region of the heterojunction:

MG groy-Ce Ve )
dt qd dt

here: G is the carrier injection rate, R(n) is the rate of
their recombination.

The last term of equation (4) takes into account the
capacitive charge that appears in the active region when
the heterojunction is forward biased and carriers are in-
jected. This capacitance is associated with the diffusion
of carriers in the active region, and in the literature it is
called diffuse [2, 7]. Since we determine it at a specific
point of the I-V characteristic by the weak perturbation
method, it acts as a differential parameter of the LED.
Thus, in the steady state R(n)=G The alternating injec-

tion current caused by a small disturbance will be deter-
mined by the differential parameters of the operating
point of the I-V characteristic, namely the differential
resistance and differential capacitance. Let us consider
the process of its decay after the step pulse of the dis-
turbance voltage G = 0 is stopped:

dn(t) =—R(n)-n(t) . )
dt

After integrating this expression, we get:
t

M =ne T, 6)

n(t) = nye”

where 7=1/R(n).

Whatever the function R (n), which describes the rate
of recombination of carriers, their decay will follow an
exponential dependence. Constant decay, which is equal
to the lifetime of carriers injected by a small
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perturbation at a selected point of the I-V characteristic,
will be determined by:
-1
e [Mj _ @

on

We will use the widely used empirical ABC model of
recombination processes [5,7], in which the recombina-
tion rate is equal to:

R(n)=An+Bn* +Cn’, 8)

where A is the Shockley-Read-Hall recombination coeffi-
cient associated with defects in the crystal structure
and, accordingly, with local energy levels in the band
gap; B is radiative recombination coefficient; C is the co-
efficient associated with Auger recombination.

At such a low injection level, we will not take into
account Auger recombination processes.

Differentiate equation (8) with respect to n:

OR(n)
on

=A+2Bn . 9)

Considering that the recombination time constant t©
is inversely proportional to the rate of recombination
processes, from equations (7) and (9) we obtain:

l:[L+L]? 10)
T T, T,

where 7br and 7 r are the lifetimes of non-radiative and
radiative recombination, respectively.

For a small amplitude of the forward bias disturb-
ance voltage, equation (4) can be written as:

on C,\dv _0OROon

— L | —=——v 11
ov qd)dt On ov

Multiplying by (qd) we get:

on dv 1 on
d—+C, | —=——gd—v. (12)
(q ov djdt %7

on
The expression gd 67 has the dimension F/em?, so it
V

can be denoted by Cp and considered as a capacitance as-
sociated with the accumulation of charges at defect lev-
els through which non-radiative recombination occurs.
By its physical nature, it is very close to the barrier ca-
pacitance. Thus, equation (12) can be written:

dv 1
(Cb"rcd)E:—;CbV .
NATEEN "

C jdt 1t

After solving this differential equation, we obtain:

v=ve (14)

Cd
Where Ty = 1+F T. (15)
b
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Thus, the equivalent circuit of an LED at a given for-
ward bias voltage is V and a small sinusoidal disturb-
ance v(t) can be represented as in the form of a two-ter-
minal (a b) (Fig. 1). This electrical model of the LED is
represented by a parallel link consisting of resistance Rq,
which is determined by the resistance of the active re-
gion of the heterojunction, and parallel-connected capac-
itors Cq, and Cyp, the capacitances of which determine the
capacitance of the heterojunction. Resistance Rsis con-
nected in series to them, which includes the volume re-
sistance of the p- and n-type barrier semiconductors.

Ry

—
—

Il
c

1 t V(1)

R;

. s
a L b

Fig. 1 - Diagram of an electrical circuit with a LED in the form

of a bipolar junction

3. EXPERIMENTAL METHODOLOGY

For experimental measurements, commercially
available C503B BAN CY0C0461 blue LEDs manufac-
tured by CREE, made on the basis of InGaN-GaN com-
pounds, were used. To power the LED in the constant
bias mode with an applied sinusoidal or rectangular sig-
nal with a frequency of 1-10 kHz and an amplitude of
50 mV, a SIGLENT SDG 1050 generator was used. To
power the LED with a power of 1 W, a LW-K3010D DC
source and a pulse transformer with a transformation ra-
tio of 1:1 was used, connected in series with the LED. A
sinusoidal or rectangular signal from the generator was
applied to its primary winding. The change in current in
the circuit was determined by the voltage drop across the
series-connected resistance R, which, together with the
internal resistance of the source, did not exceed 60 Ohm.

The current-voltage characteristics of LEDs were
measured in two modes - static and dynamic. During
static measurement, voltage was applied to the LED
from a LW-K3010D DC source. Measurements of current
and voltage parameters were performed using a UNI-T
UT8803E digital multimeter. For measurements of the
I-V characteristics in dynamic mode, a Siglent SDG 1050
generator and a Siglent SDS 1072CML+ oscilloscope,
which operated in X/Y mode, were used. Operation in dy-
namic mode allowed minimizing the change in LED tem-
perature and neglecting the effect of self-heating.

Measurements of the differential resistance and ca-
pacitance of the diode were performed at a given bias
voltage with the supply of an alternating voltage of si-
nusoidal or rectangular shape with an amplitude of
50 mV. The value of the differential resistance was de-
termined from the ratio of the amplitude values
Ra = vin/im. Such measurements were carried out for dif-
ferent points of the I-V characteristic.

To measure the capacitance of the LED, a bridge cir-
cuit was used, in one of which an LED was connected,
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and in the other — a reference capacitor with a parallel
resistance. In the diagonal of the bridge, a SIGLENT
SDG 1050 generator or a DC source with a pulse trans-
former connected in series and an electronic microam-
meter UNI-T UT8804E were included. The results of the
experiments were recorded on a personal computer.

4. RESEARCH RESULTS AND THEIR
DISCUSSION

Experimental studies of the dynamic characteristics
of LEDs were started with a static I-V characteristics
and a low injection level. Fig. 2. shows the current-volt-
age characteristic of C503B BAN CY0C0461 type LED.

The I-V characteristic was approximated by an expo-
nential dependence 7(V)=e"***"*”"") with numerical
values of the coefficients: A =1987.50, B=—2573.43,
C=1091.90, D =-152.67, which is depicted in Fig. 2 by
a solid line. From this dependence, an analytical expres-
sion for the differential resistance was obtained:

dv e—(A+BV+CV2+DV3)

_———— 16
‘4l B+2CV +3DV? (16)

In Fig. 3, the line shows its dependence on the for-
ward bias voltage. The experimental results are repre-
sented by square markers.

1E—4- .
< 1E-5

1E—6- .

lE_7 T T
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Fig. 2 — Volt-Ampere characteristic
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10°+ -_.
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Fig. 3 — Dependence differential time Rq, from the forward bias
voltage U

Experimental measurements of the capacitive char-
acteristics of the diode were possible up to a forward bias
voltage of 2.42 V and a wave disturbance with an amplitude
of 50 mV and a frequency of 1 kHz. Further increase in volt-
age greatly reduced the @ factor of the circuit and made it
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impossible to distinguish the useful signal from the noise
background. The measured experimental results are
shown in Fig. 4 by square markers and in Table 1.

JJ. NANO- ELECTRON. PHYS. 18, 04031 (2026)

of the logarithmic dependence indicates an exponential
law of current change. The time constants of current
change at different forward bias voltages which are
given in Table 1, were determined from the angle of their
inclination to the time axis.

Table 1 — The time constants of current change at different for-
ward bias voltages

1000 - :
= experiment
+ calculated -
1004 .
[«
o
5 104
@)
L]
-
l_
.
0,1 T : -
2.2 23 24 2,5
u,v

Fig. 4 — Dependence of the LED capacitance Cq, from the for-
ward bias voltage U

The influence of forward bias voltage on the kinetics
of the small perturbation current was studied. Fig. 5
shows the relative change in i/io = f(¢) of the leading (a)
and trailing (b) fronts of the LED current pulse and their
logarithmic dependences In(i/io) = f(t) (c) and (d) at dif-
ferent values of forward bias voltage. The linear nature

1.0 i . 232
f O aamy
r | \w \._. \ 3-242V
= |
o 0.64 | 3 274
| : 6-2.74 V
- 0n 1 2
Eﬂ ot | <
5
© 0.04w
-0‘2- | | T T
0 100 200 300
a)
0 . |
- ‘-‘w‘ |
':-'---A"'-.u-:‘l / 4
_l g n : L3 * : v‘"' Ay /
— g} 2722 V . . |
. 2’32 V 2 . a = .

1

342 [] I
32242V / e
4251V 1 il

0 50 100
time, ns

c)

Cq, pF
V.,V R4, Ohm 7, NS Experi- Calcu-
mental lated
2.25-2.22 86160 30 0.4 0.3
2.30-2.32| 20100 50 2.3 3.5
2.40-2.42 635 80 110 150
2.50 100 100 1270

From the graphs of Fig. 5 it is seen that with increas-
ing voltage the slope of the dependence In(i/io) = f(f) de-
creases and at a voltage > 2.65 V it approaches zero. This
indicates that the reactive component in the complex re-
sistance of the diode disappears. The capacitance of the
diode ceases to participate in the kinetics of the current.
It is either shunted by a small resistance R4, or compen-
sated by a negative capacitance, the appearance of which
is considered in the works [2, 7, 8].
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Fig. 5 — Relative change in the leading (a) and trailing (b) edges of the LED current pulse and their logarithmic dependence (c) and

(d) at different forward bias voltages
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According to the results of studies of transient pro-
cesses in electrical circuits with DC, the time constant
of current kinetics can be determined by the formula
7= Rq-Cq, where Rq and Cq — differential resistance
and capacitance of the LED [9]. The calculation of the
LED capacitance at different values of the forward
bias voltage was carried out as Cq = 7/Rq4. The calcula-
tion results are given in Table 1 and Fig. 4. Up to a
voltage of 2.42 V, the experimental and calculated re-
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capacitance increases and at a voltage of 2.50 V
reaches a value of 1000 pF.

Time parameters were also measured. changes in
the luminous flux caused by small-disturbance cur-
rent pulses at different values of forward bias voltage.
In Fig. 6 (a) and (b) shows the oscillograms of the in-
crease and decrease of the light flux, and (c) and (d) —
their logarithmic dependences. From these graphs,
time constants were determined, which are given in

sults are very close. With increasing voltage, the LED Table 2.
@ 5 P 1-U=235-2,4
g 124 /¥ ?‘}.«f‘ E 121 2- U=2.4-2.45
2 |y T L &\ 3-U=2,45-2,5
E 081/ g 0,81
2 | ! 2
] i - : ! 1
£ 044 it 2 041/
= - = W //
2 0,0 L 8 o0] Wt/
g8 0.0 1-U=2,35-2,4] & 0077/ mng
g ’ = Ly g ' ; ‘
= 2-U=2,4-2,45| °E mhﬁ@W
2 —0,41 3-U=2,45-2,5] = 047 ¥
0 4000 8000 (') 4()'()() 8()[()() 1 2(30()
time, ns time, ns
a) b)
0’0_ | 0,0'
1- U=2,35V
_ 2- u=240V 0,5
g =0;5 E —1.,0-
3 S
(=]
—_— _l 5.
=1:04 ’
0 235 V| V.H‘M d
1- U=2,35V y {
-1.51 _ 4 | 1 )
, , W) | 2512-U 2’40\/' \ 1ﬂ w\ﬂﬂﬁﬁ\ Ai | M
0 2000 4000 6000 0 4000 8000 12000
ume, ns time, ns
c) d)

Fig. 6 — Relative change leading (a) and trailing (b) front of the impulses luminous flux, and their logarithmic dependence (c) and

(d) at different forward bias voltages

Table 2 — Time constants

High-voltage Ti.me constant, ns
Front line Rear front
2.35 900 2570
2.40 1000 2700
2.45 2800 5800

Compared to current, the time constant of the lumi-
nous flux is much larger. As with current, at voltage
> 2.65V the slope of the dependence In(F/Fo) = f(t) be-

comes close to zero.

Fig. 7 shows the oscillogram of the current pulse
(channel 2) and voltage (channel 1) of the small disturb-
ance at a forward bias voltage of 2.65 V and a pulse fre-

[Siglent  IIFEN

quen?y Ott 1 kHz. It can be Seel} f'rorr{ the oscillogram that Fig. 7 — Oscillograms of the voltage pulse (channel 1) and current
the kinetic parameters of the injection current pulse are (channel 2) of small disturbance, at a forward bias voltage of 2.65 V
very close to the voltage parameters of the small disturb-

ance signal. This is also observed at higher voltages of

direct displacement.

Thus, starting from a forward bias voltage of 2.65 V,
the LED behaves as an active resistive element. The
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reactive components of the LED disappear. Considering
that the diffuse capacitance can change its sign to the
opposite at a certain forward bias voltage [2, 7, 8], it can
be assumed that at U= 2.65 B, for the LED C503B BAN
CY0CO0461 such a transition occurs. At a given voltage,
the impedance of the diode is determined by the re-
sistance of the heterojunction Rq and the resistance of
the boundary regions Rs.

Based on the experimental results obtained, we will
consider the electrophysical processes that occur in the
structure of the LED. At the moment of applying a step
voltage of small perturbation, the concentration of mi-
nority carriers in the active region near the junction
boundary increases sharply, while at a small distance
from the boundary it remains balanced for a given for-
ward bias voltage. The concentration gradient in the ac-
tive region is maximum, and a large diffusion current
passes through the diode. This is visible in the current
pulse of the leading edge (Fig. 5). As the minority charge
carriers spread into the depth of the active region, the
gradient of their concentration decreases and the cur-
rent through the junction decreases, heading towards a
steady value, which is determined by the forward bias
voltage and the voltage of the weak perturbation pulse.
According to the equivalent circuit (Fig. 1), the current
decrease corresponds to the capacitive nature of the
transition process in the diode, which is associated with
the charge Cs and Cs capacitances, which can be at-
tributed to diffuse and barrier, respectively. The time to
establish equilibrium will be determined by the time
constant 7 = (Cq + Cp) Rq of the small-disturbance pulse
current. Considering that at a forward bias voltage
Cp << Cq, 7 will be determined by the value of the diffuse
capacitance and the lifetime of the carriers injected into
the active region. Since the value of the diffuse capaci-
tance increases with increasing injection current, 7 also
increases (Table 2).

Simultaneously with the described process, changes
in the resistance of the active region occur. At the mo-
ment of pulse application, its resistance is maximum,
but as the charge carriers spread into the depth, its re-
sistance will decrease, causing an increase in current.
The decrease in the differential resistance Rq, which fol-
lows from Fig. 3, reduces the @ factor of the equivalent
circuit of the diode. At a forward bias voltage U>2.65V,
the differential resistance Rq decreases so much that the
current through the diode will be determined only its
value, and the voltage across the capacitor is the voltage
drop across it.

Now let's consider the moment of cessation of the
supply of a rectangular pulse of small disturbance.In
this case, the voltage at the heterojunction will decrease
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Jocaigxenua TuHAMIiYHHX XapaKTEePUCTUK CBIiT/I04i0QiB MeTOJ0M MaJjIoro 30ypeHHA

Bosogumup Arnpiituyk, JIro6os Kocruk, Apociias @inor, Mupocias Hakomeunwnit, Apociaas Ocama

TeproninvcvKutl HQUIOHALHUL MexHIuHUl yHisepcumem tmeri Isana Ilyniwos, 46005 Tepruoninw, Yipaina

BrpoBamkeHHS CBITIONIONHUX JyKepeT CBITJIA, AKe IIPUBEJIO 0 BIIUYTHOI eKOHOMII eHepropecypeis, BH-
Marae eHeproomaIHuX JIKepedt sxkuBaeHHs. OCHOBHA yBara po3poOHUKIB CBITJIONIONHUX ApaiiBepiB 3BepHYTa
Ha MOIIYK IMITyJIbCHUX JIZKepeJT, poboTa SKUX 0a3yeThCA HA Pe3yJIbTaTax JOCTIKeHDb THHAMIYHAX IIPOIIECIB,
110 TPoTiKawTh B camiit ctpykrypi CJI. Jlys mocitiiskeHHs BIUIMBY IMITYJIBCIB CTPYMY HA eJIeKTpodisuyHi ma-
pamerpu CJ] B masiit po6oTi BHKOpPHCTAHO MeTOI Maynx 30ypeHb. IIpencrasieni pe3yabTaTé BUMIpIOBAHBb
nudepenIiaabHOro onopy Ta emuocti CJI ny1st pisHuX cramioHapHUX CTaHiB. BOHM € 0CHOBHUMY BeJIMUYMHAMY,
SIK1 KOHTPOJIIOIOTH TIePEX1THI IPOIECH B eJIEKTPUYHHUX KO0JIaX Ta BAIrPAIoTh BAKJINBY POJIb IIPU PO3POOIIl M-
IyJIbCHUX JKepest sxnBiieHHs. [lokasano, 1110 HapOoCTAHHS 1 CIIaJaHHA CTPYMY 1HKEKITi1 Ta CBITJIOBOTO TIOTOKY
J100pe OIHUCYEThCS eKCIIOHEHITIANBHOI0 3aJIeMKHICTIO, a MOCTIMHA Yacy KIHeTUKU CBITJIOBOTO IIOTOKY HA0Araro
0iJIbIIa BiZ CTPYMY, IO OB SI3AHO 13 YaCOM KHATTS JOHOPHO-AKIEITOPHUX IIap. BeraHoBsieHo 110 mpu HATIpyai
mpsiMoro 3mimnenHs >2,65 B Ta yacrori imnysscis 1 k['1 B pesakcariii crpyMmy 3HUKae peaKTHBHA CKJIAIOBA,
mop’ss3ana 3 emuictio CJI, 1110 poOUTE MOT0 AKTUBHUM CIOKABAYEM eHepril. 3a pe3yIbTaTaMU JOCJIIKeHHS
KIHEeTMKH CBITJIOBOTO IIOTOKY BU3HAYEHO MAKCHUMAJIbHY 4acToTy iMIryJbceis apaiBepa CII 100 kI,

Kmiouosi ciiosa: Csitnogiogu, InGaN-GaN, BossT-amiepsi xapakrepuctuku, J{MHaMivHI XapaKTePUCTUKH,
Jludysua 1 HeratuBHa emHiCTh, MaJste 30ypeHHsI.
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