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Abstract—A differential carrier lifetime (DLT) measurement
method with a measurement current as low as 0.1 mA, high noise
immunity, and low measurement error has been proposed for the
first time for electroluminescent LEDs, which can also obtain the
junction capacitance and differential resistance of LEDs. The
method is based on the rate equation and phase-sensitive
detection technology. The relationship between the DLT of red,
green, and blue mini-LEDs and the injected current density was
investigated with the proposed method. The DLT of the same
LED decreases as the injected current density increases. The
DLT of green mini-LEDs drops faster than that of blue mini-
LEDs as the injected current density increases.

Index Terms—Carrier lifetime, differential resistance, light-
emitting diodes, lock-in amplifier.

[. INTRODUCTION

IGH-SPEED light-emitting diodes (LEDs) have

recently sparked interest in future light-fidelity (Li-

Fi) networks for visible light communication (VLC)
[1], [2] and visible light localization [3], [4]. VLC systems
with data rates of more than 10 Gb/s have been demonstrated
when combined with multiplexing techniques and advanced
modulation schemes [5]. In general, a higher bandwidth is
obtained by lowering both the LED transport-related time
constants and the carrier lifetime. Methods to characterize the
carrier lifetime of LEDs are one of the current hot topics in
semiconductor research. Time-resolved photoluminescence
(TRPL) is one of the methods to characterize the carrier
lifetime, but the method focuses more on carrier lifetime
measurement under photoluminescence conditions. The TRPL
results for LEDs are influenced by the laser focal region and
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the structure layer and do not provide sufficient guidance on
the electroluminescent LED carrier lifetime because TRPL
ignores carrier transport effects through the LED structure [6].
Haggar et al. proposed a time-resolved electroluminescence
(TREL) method to determine the carrier lifetime of a
semipolar green light-emitting diode by fitting the falling edge
of the received optical signal [6]. The test results of the
method are influenced by the signal-to-noise ratio of the
received optical signal and the type of fitted polynomial.
Rashidi et al. optimized the LED small-signal equivalent
model and used the LED impedance to fit the circuit
parameters in the proposed model to determine the differential
carrier lifetime of the LED [7]. There are also methods of
fitting the LED impedance based on the LED equivalent
model to obtain the differential resistance and capacitance
parameters of the LED and then calculating the differential
carrier lifetime [8], [9]. Because the carrier lifetime of a LED
is closely related to the bandwidth of VLC, some researchers
have calculated the carrier lifetime by testing the bandwidth of
the LED [10], [11]. Richard ef al. used a network analyzer and
a silicon photodetector to measure the -3 dB bandwidth of a
LED to calculate the differential carrier lifetime [11].
Determining the bandwidth of LEDs by measuring their
carrier lifetime is an effective method, but the LED bandwidth
in VLC systems is affected by the carrier lifetime, drive
circuits, modulation mode, etc. Therefore, the error in using
the LED bandwidth to calculate the differential carrier lifetime
may be relatively large. Reklaitis ef al. used a 405 nm laser to
induce photoluminescence of a LED and then tested the phase
difference between the transmitted and received optical signals
to determine the LED differential carrier lifetime [12]. A lock-
in amplifier based on phase-sensitive detection is used for
phase difference measurements to improve the accuracy of
carrier lifetime tests. However, this method is similar to TRPL
in that it employs the principle of LED photoluminescence, in
which the carrier lifetime of the LED is limited by the laser
focal position and power. Increasing the optical power of the
laser increases the photogenerated current of the LED, but it
also tends to burn out the LED. Meng et al. used a signal
amplifier and a dual-channel oscilloscope to build a system for
testing the differential carrier lifetime of LEDs [13]. The
LEDs were driven with a small-amplitude AC signal at a DC
bias, and the optical signal was received by a photodetector,
with the differential carrier lifetime determined by testing the
phase difference between the transmitted and received signals.
The system employs discrete components containing parasitic
capacitance and inductance, such as preamplifiers and load
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resistances, and the components are not phase-calibrated and
have limited capabilities for weak optical signal reception and
noise immunity.

Previous measurements of the differential carrier lifetimes
have been achieved by three methods: TRPL, fitting the
falling edge of the received optical signal, or fitting the
equivalent circuit parameters by the impedance of the LED.
However, TRPL excites the LED with a laser, and the
measurement results are influenced by the laser focusing area
and the structural layer on which it is focused. It also ignores
carrier transport effects through the LED structure, which
cannot provide sufficient guidance for the carrier lifetime of
electroluminescent LEDs. Different fitting functions or RLC-
circuit models of the LED may produce different results, and it
is difficult to guarantee the accuracy of the results when the
optical signal is weak. Determining the carrier lifetime of
LEDs by testing the bandwidth of VLC systems introduces
large errors due to the use of signal amplification, transmit-
receive equalizers, different modulation methods, and
impedance matching components in VLC systems to increase
the bandwidth. The measurement system employs discrete
devices with more parasitic parameters, especially parasitic
capacitance and inductance, which can cause undesirable
phase lead-lag effects (In the time domain, when an AC signal
is transmitted through cables, signal amplifiers, etc., it arrives
earlier than the reference signal at a certain point in time,
which is called phase lead and, conversely, phase lag) when
the phase difference is used to determine the differential
carrier lifetime and therefore have a great impact on the
accuracy of the test results. The operating current range of the
LED plays an important role in the modulation depth of the
VLC system [14]. The modulation depth can be defined as
(peak current-bias current)/bias current. The lower the bias
current is, the higher the modulation depth, and the easier the
visible light signal can be detected by the photodetector,
which can reduce the transmitting power required by the
optical transmitter. For higher-order modulation methods,
such as M-level pulse amplitude modulation, the LED
operating scenarios include a low current case, which
facilitates optical signal processing and improves the
bandwidth [15]. It is interesting to explore a method that can
support measurement of the carrier lifetime in the case of low
current driving of LEDs and for which the test system uses
fewer discrete devices.

In this paper, we propose a differential carrier lifetime
measurement method for electroluminescent LEDs for the first
time that has high noise immunity, low measurement error,
and advantageously supports LED operation in low-current
scenarios. The proposed method offers a way to study the
differential carrier lifetime, junction capacitance, and
differential resistance of LEDs.

II. MEASUREMENT SYSTEM

The measurement system consists of a power source

Fig. 1. Schematic diagram of the measurement setup.

(Keysight B2911, Keysight Inc.), a digit graphical sampling
multimeter (Keithley DMM7510, Keithley Inc.), a temperature
controller (TECSource 5305, Arroyo Instruments, LLC), a
DSP lock-in amplifier (Model OE2031, Guangzhou Sine
Scientific_Instrument Co., Ltd.), a spectrometer (QE65Pro,
Ocean Insight Inc.), an integrating sphere (FOIS-1, Ocean
Insight Inc.), and a PIN photodetector (S5973, Hamamatsu
Photonics Co., Ltd), as shown in Fig. 1. The lock-in amplifier
(LIA) generates a sinusoidal AC voltage signal (amplitude: 50
mV) using an internal reference clock, receives an external
DC input, sums the AC and DC signals, and drives the LED.
The light emitted from the LED passes through the integrating
sphere and an optical fiber and is then received by the
spectrometer and the PIN photodetector, respectively. The
photodetector converts the optical signal into an electrical
signal and sends it to the LIA, while the spectrometer acquires
the LED spectra at the same time. The optical fiber plays a
light-splitting role in the optical path. The response frequency
of the photodetector should be much larger than the detection
frequency, at least 2 times the detection frequency to satisfy
Nyquist's sampling theorem. The photodetector bandwidth for
the proposed measurement method is 1 GHz, which satisfies
the test requirements. Considering the input noise and
operating frequency of the system, a time constant of 1 ms is
used uniformly for the DSP lock-in amplifier during testing.
The experimental procedure was as follows:

1) The temperature controller maintains the LED at the
desired temperature. Pretest calibration of the system and
components, including phase calibration of the transmit and
receive signal cables, is performed. The cable calibration for
this work is completed by the DSP Lock-in amplifier. The cable
to be calibrated is connected between the input and output of the
DSP Lock-in amplifier to measure the phase delay at different
operating frequencies.

2) The differential carrier lifetime of the LEDs with
different injected currents and AC frequencies are measured
by the LIA.
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Fig. 2. Block diagram of the measurement system.

3) The spectra of LEDs are acquired for different samples
under the same conditions.

Commercial red, green, and blue mini-LEDs (RGB mini-
LEDs, Xiamen Changelight Co., Ltd.)—red (201 um x 106
pum), green (202 pm x 98 um), and blue (202 um x 94 pm)—
were tested in this work.

III. SYSTEM PRINCIPLE

In a LED, electrons and holes are injected and recombine in
pairs. Assuming that N denotes the number of electrons, the rate
of increase in the number of electrons in the active region is given
by [16]:

aN 1N
d q 1.’

(D

where ¢ denotes the electronic charge, / denotes the injected
current, and 7, denotes the recombination time constant. The rate
of electron injection into the active region is given by the first
term on the right side of (1), and the rate of electron-hole
recombination,  including radiative and  nonradiative
recombination, is given by the last term. The current injected into
the LED is a combination of the DC bias current (/,) and
sinusoidal modulation current (7,,¢“""), which can be expressed as
follows:

I=1,+1,e"", (2)
where ®,, represents the angular frequency of the sinusoidal
modulation current. Substituting (2) into (1) and solving for the
steady-state carrier number gives:

N()=N,+N, e, A3)
where N=I,t./q, and
1
qu — m s (4)
. l+jo,r,

where N, denotes the carrier number due to the DC bias current
and N, denotes the carrier number due to the sinusoidal

modulation current. According to (4), the amplitude decreases
with the modulation frequency. It is clear that the left-hand side of
(4) is the current directly responsible for carrier recombination.
This current can be approximated as the current generated by an
AC photon, whose amplitude is expressed as I, [16]. Thus, (4)
represents the LED frequency response relationship between the
photon current /, and the sinusoidal current /,, and can be
rewritten as follows:
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1, and Ipe’ @0 can be approximated as same-frequency but
different-phase signals; according to (5), assuming that the phase
difference ¢ can be measured, 7, is then given by:

r =20 ©

w

m

The frequency response is known to be the same as that of a
parallel RC circuit, and the RC time constant is approximately
equal to 7. [17]. The recombination time constant 7. is also
denoted as the differential carrier lifetime because it is based on
an RC circuit [18], [19]. The L,¢*? signal is collected by a
photodetector and fed into a lock-in amplifier to obtain the phase
of Ipef(”’"'t'¢), and the phase difference with 7,&" is extracted to
determine 7. in the method proposed in this paper.

The core principle of the LIA operation is phase-sensitive
detection (PSD), which involves multiplying the input signal by
the reference signal and then filtering it with a low-pass filter
(LPF) [20]. PSD is widely used because of its advantages in
extracting the phase and frequency of signals as well as its
anti-interference capability. Carrier lifetime measurements
based on PSD applied to photoluminescence have been
reported previously [21], [22]. The block diagram of the
measurement system proposed in this paper is shown in Fig. 2.
The LIA typically contains two PSDs and two LPFs. The input
signal to be measured, S(¢), can be defined as follows:

S(¢) = 4 sin(wt + ) + B(1), @)

where A4, ¢ and B(f) represent the amplitude, phase, and total
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Fig. 3. (a) I-V curve (inset: normalized spectrum of RGB mini-LEDs at a
drive current of 2.00 mA), and (b) EQE curve of RGB mini-LEDs at a
controlled temperature of 300 K.
noise, respectively. @ (w=2 7 f) represents the angular frequency
of the input signal. The internal direct digital synthesis (DDS)
signal generator of the LIA produces AC signals, one of which is
fed into a bias tee, and the other is used as a signal to generate
two subreference signals (Sgen(?) and Sge(7)) via a sine/cosine
generator. The two subreference signals can be defined as:
Skero () = Ay cos(wt +5) ®
St () = Ay sin(at +6)°

where Ap and 0 represent the amplitude and phase of the input
reference signal, respectively. The bias tee completes the
superposition of the AC signal with the external input DC
signal and then drives the LED. The photodetector receives
the LED light signal and converts the light signal to an
electrical signal, which is then fed into the LIA. The input
signal is sent to the PSD after passing through the LIA internal
amplifier (AMP) and analog-to-digital converter (ADC). The
input signal to be measured and two subreference signals are
simultaneously fed into the PSD module for multiplication. The
outputs of the two PSDs are as follows:

1 .
Spspo (1) == Az 4, sin(p—9)
2
: ©))
Y A 4, sin(Qwt + ¢ + 6) + B(t) A, cos(wt + 0),

1
SPSD] = EARAI cos(¢—9)
| (10
Y Ap A cosLat + @+ 0)+ B(t) A, sin(wt + 5).

After using the LPF to filter out the AC signal and noise, the
final DC components are X and 7, as follows:

X= %AIAR cos(p—90)
. . (11)
Y :EAIAR sin(p —95)

By calculating the square roots of X and Y, the unknown
quantities can be eliminated, and the amplitude 4, of the signal to
be measured and the phase difference 0 between the signal to be
measured and the reference signal can be obtained as follows:
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Fig. 4. (a) DLT curve with varied injected current density, and (b) FWHM of
the samples at a controlled temperature of 300 K.
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Assuming that the transmit and receive signal cables introduce
a phase delay of A for the signal to be measured, the actual
phase difference is 6-Af. The photodetector does not have a
discrete signal amplifier installed, and the LIA is responsible for
amplifying the received light signal to minimize the parasitic
parameters brought by the introduction of discrete devices.

Combining (6) and (12), the differential carrier lifetime (DLT)
of the LED can be expressed as:

_ tan(arctan(Y / X) - A0)
2nf '

DLT

(13)

The frequency response of LEDs represents the relationship
between the modulation frequency and output power. The power
transfer function of a LED device can be expressed as [23]:

1

J1+Qz fr)’ ’

where P(f) denotes the frequency response function, 7 denotes the
time constant, and f denotes the modulation frequency. When the
LED is driven at a constant current, 7 remains nearly constant.
When fis increased, P(f) decreases, and the AC amplitude of the
LED light signal is weakened, causing more error in light signal
detection at the receiving terminal. For higher f, the signal is too
weak to be accurately measured, whereas for much lower f, the
relative error becomes significant due to the small phase
difference [13]. Therefore, the DLT was measured using (13) ata
controlled temperature of 300 K with franging from 500 kHz to 1
MHZz to reduce measurement error from noise.

P(f) = (14)

IV. EXPERIMENTAL RESULTS

A. RGB Mini-LEDs

The I-V characteristics of mini-LED samples were tested with
a source meter, as shown in Fig. 3(a), where the red LED uses the
AlInGaP material, so the I-V curve shape is different from that of
the other LEDs. The inset of Fig. 3(a) shows the normalized
spectrum of the samples at a drive current of 2.00 mA. In

Authorized licensed use limited to: Xiamen University. Downloaded on October 09,2023 at 03:04:17 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIM.2023.3320769

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

210{(a) -+ RedLED »o 80{(b) = RedLED ° 15201 (¢) 9 R G LED
+ Green LED },.r"'" + Green LED o + Green LED
@ o
= e - Blue LED 2o &0 - Blue LED o i 114.04 + Blue LED
E " [y o o ‘g 1
= B el I s o £ 3
= 126 ﬁ;’&,_d _a =40 o > O 76.04
3 o Ul;"] J_,a‘ L .,“JM :tt
% s 4 el
= By ¥“"‘ wvdad‘}""c‘wa 2.0 & Koo 38.04
,ﬁ"'ﬂm &
4.2
> 0.0 0.0
0.00 17.00 34.00 51.00 68.00 0.00 1?:00 34:00 51.00 58:00 0.00 17.00 34.00 51.00 &8.00

Current density (A/lcm?)

Current density (Alcm?)

Current density (A/lcm?)

Fig. 5. (a) -3 dB cutoftf frequency, (b) LED junction capacitance, and (c) differential resistance of RGB mini-LEDs.

addition, as shown in Fig. 3(b), the external quantum efficiency
(EQE) curves of the LEDs were tested, where the maximum
EQEs of RGB mini-LEDs correspond to current densities of
approximately 50, 5, and 9 A/cm’.

To investigate the differential carrier lifetime of RGB mini-
LEDs and its dependence on the injected current, 12 mini-LEDs
were tested, and the average error of the DLT was calculated, as
shown in Fig. 4(a). The DLT of the LED decreases as the injected
current density increases, which is in agreement with previous
research [13], [24], [25]. At the same injected current density, the
DLT of the blue mini-LED is significantly lower than that of the
green mini-LED but not necessarily lower than that of the red
mini-LED. The difference in DLT could be attributed to the
different material and electrode structure of the RGB mini-LEDs.
InGaN/GaN materials are commonly used for blue and green
mini-LEDs, while AllnGaP materials are used for red mini-LEDs.
Differences in DLT of LEDs made of different materials with the
same chip size have been reported previously [7], [13], [25].The
electrode structure of LEDs affects the injected current density
[26], [27], and the DLT is closely related to the injected
current density, as shown in Fig. 4, so the DLT could be
affected by the LED electrode structure. A more in-depth
study on the sources of DLT differences will be carried out in
future work. Meanwhile, the DLT of the green mini-LED drops
from 81.5 to 30.3 ns, whereas that of the blue mini-LED drops
from 37.2 to 12.9 ns, which implies that the DLT of the green
mini-LED drops faster than that of the blue mini-LED as the
injected current density increases, consistent with previous results
[13]. The DLT test results fluctuate very little at different injected
current densities, with minimum and maximum mean errors of
2.81% and 22.64%, respectively, indicating good stability of the
test method. Fig. 4(b) shows the full width at half maximum
(FWHM) of the spectrum of the samples at various injected
current densities. The FWHM values of the samples all gradually
increase as the injected current density increases, which is
attributed to the band filling effect of the LEDs [6], [28]. The
DLT versus current relationship is opposite to the FWHM
versus current relationship, as illustrated in Fig. 4.

The differential carrier lifetime for LEDs is approximately
inversely proportional to the -3 dB cutoff frequency (f3ds),
which can be expressed as follows [29]:

3

f;m72ﬂxDLT.

(15)

LEDs in VLC systems have low-pass characteristics, and the
higher the -3 dB cutoff frequency is, the greater the bandwidth
[30]. As shown in Fig. 5(a), the -3 dB cutoff frequency
increases as the injected current density increases, enhancing
the bandwidth of the VLC systems from the LED perspective.
However, determining the carrier lifetime of LEDs by testing the
bandwidth of VLC systems introduces large errors because of the
use of signal amplification, transmit-receive equalizers and
impedance matching components in VLC systems to increase the
bandwidth [31], [32].

When the LED is operating under forward bias, the LED
junction capacitance is mainly influenced by the diffusion
capacitance and the depletion layer capacitance [23]. The
depletion layer capacitance is very small compared to the
diffusion capacitance. Therefore, the depletion layer capacitance
can be ignored when the LED is forward biased, and the LED
junction capacitance (Cyzp) can be approximately written as
follows [33], [34], [35]:

ql,. xDLT
LED T (16)
where Ip- denotes the DC current, k3 denotes the Boltzmann
constant, and 7 denotes the thermodynamic temperature. As
shown in Fig. 5(b), the LED junction capacitance increases as the
injected current density increases, and the junction capacitance of
the green mini-LED rises significantly faster than that of the red
and blue mini-LEDs. In addition, the RC time constant of the
LED is approximately equal to the product of the differential
resistance (R;) and the LED junction capacitance (C;zp) and
satisfies the following [17]:

(17)

Fig. 5(c) reveals that R, decreases as the injected current
density increases and the reduction of R, for the green mini-LED
is larger than those for the red and blue mini-LEDs, which is
attributed to the combined effect of C;zp and Ry, particularly the
rapid change in R,, according to Fig. 4(a). The study of junction
capacitance and differential resistance of LEDs is one of the
current research hotspots, especially for mini/micro-LEDs.
The method proposed in this paper provides a gateway for the
study of junction capacitance and differential resistance of
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LEDs via (13), (16), and (17).

B. Measurement Error

The main measurement errors in the proposed measurement
method and system originate from the cables and signal amplifier.
The internal structure of the photodetector has parasitic
parameters that affect the accuracy of the signal phase detection,
but these are ignored in this paper because the effect of parasitic
parameters in the photodetector is much smaller than that of
cables and signal amplifiers. To reduce the measurement error,
the same type of cable is used for both the transmit and receive
signal cables in the system. Since the phase delay of the cables is
different at various operating frequencies, using a fixed phase
delay value to compensate for the delay caused by the cables is an
inappropriate treatment.

As shown in Fig. 6(a), the phase delay of the transmit and
receive signal cables was tested by the DSP lock-in amplifier. As
the operating frequency increases, the phase delay from the cables
becomes more severe. Moreover, according to the discussion on
(14), as f increases, the AC amplitude of the light signal of the
LED decreases, so it is not advisable to use high frequencies for
system operation. In addition, when the LED operates at low
frequencies, the phase difference is small, and the relative error of
the system in the phase measurement increases. As shown in Fig.
6(b), with the blue mini-LED results as representative data, the
DLT results fluctuate widely, and the test error increases when
the system operates at 100 kHz and 10 MHz; however, the test
results are stable in the range of 500 kHz to 1 MHz, which
satisfies the frequency range recommended by the phase
difference method for determining the differential carrier lifetime
[13]. Therefore, the proposed method uses a frequency in the
range of 500 kHz to 1 MHz, and multiple measurements are
averaged to reduce the error. Fig. 6(c) shows the DLT results of

the blue mini-LED before and after compensation of the phase
delay from the cables. The results show that if the phase delay
from the cables is not taken into account, then the test results will
be much larger. According to the experimental results in Fig. 6(a),
the DLT was measured based on (13) using the corresponding
AG for different £, which is one of the advantages of the present
method for error reduction.

The signal amplifier is one of the key components for carrier
lifetime measurement using the phase difference method. Use of
a signal amplifier (a type of discrete device), whether at the
transmitter or receiver, will have a significant impact on the
measurement results. The issue of discrete signal amplifiers
adversely affecting the phase of a signal has been reported
previously [13], [36], but not studied in detail. Discrete signal
amplifiers have unknown parasitic parameters, especially
parasitic inductance and capacitance, and the phase delay of the
signal amplifier varies with the operating frequency and is
difficult to predict and deduce in the test. An external signal
amplifier is connected to the photodetector post-stage for
comparative analysis to study the effect of the signal amplifier on
the test results of the system. The suggested operating frequency
of the proposed measurement system is between 500 kHz and 1
MHz, and in order to satisfy Nyquist’s sampling theorem, the
external signal amplifier bandwidth is at least 2 MHz, but since
the photodetector bandwidth of the system is 1 GHz, the external
signal amplifier with a bandwidth of 1 GHz is chosen in order to
keep the bandwidth consistent in this work. The blue mini-LED
data are used as representative data. To reduce the redundant data
in this paper, and since blue and green mini-LEDs both use
InGaN/GaN materials, the choice of the data of the blue mini-
LED as a representative is without loss of generality. As shown in
Fig. 7(a), the phase measurement results vary greatly with the
change in frequency, and both phase lead and phase lag cases
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TABLE |
COMPARISON OF EXISTING MEASUREMENT METHODS
Minimum . Discrete Signal I

Methods Current (mA) Property Detection Technology Amplifier Calibration  Accuracy Cost
Ref. [6] 1 EL Fitting the decay trace of an optical signal NA M M H
Ref. [7] 1 EL Fitting the impedance of LEDs Yes D NA H
Ref. [10], [11] 5 EL Measuring the -3 dB bandwidth of LEDs NA D NA H
Ref. [12] NA PL Fitting the decay trace of an optical signal No D NA M
Ref. [13] 5 EL Measuring the phase dlffe?rence based on the Yes M M M

rate equation

This work 01 EL Measuring the phase difference based on the No G H M

rate equation and phase-sensitive detection

Note: NA is short for “not available”, EL is short for “electroluminescence”; PL is short for “photoluminescence”; “Yes” in the “Discrete Device” column
indicates that a discrete signal amplifier was used in the test; G is short for "Good"; M is short for "Medium"; D is short for "Disabled"; the "Cost" column

indicates the cost of the instrument; H is short for "High".

appear. Comparing before and after the external amplifier is
added, the phase measurement results with the external amplifier
are much larger than those without the external amplifier, as
shown in Fig. 7(b). After compensation of the phase delay of the
cables, the trend of DLT variation with the external amplifier is
reverse to that without the external amplifier, leading to incorrect
measurement results, as shown in Fig. 7(c). Therefore, it is not
recommended to use discrete devices when using the phase
difference method to measure the carrier lifetime because their
parasitic parameters are unknown and difficult to predict,
resulting in larger errors in the system during phase measurement,
which affects the DLT results.

V. DISCUSSION AND CONCLUSION

The characteristics of the existing measurement methods were
compared with those of this work, as summarized in Table I. The
DLT detection principle was deduced in detail based on the
rate equation and the phase-sensitive detection technique of
the DSP lock-in amplifier. Our proposed measurement method
demonstrates advantages in low-current scenarios and
optimization of measurement errors. The measurement method
and system proposed in this paper employ an integrated DSP
lock-in amplifier to lock the optical signal to be measured and
filter out high-frequency and noise signals, allowing for weak
signal detection and support of scenarios with currents as low as
0.1 mA. Compared to previous methods, the proposed method
has higher measurement accuracy and is less costly and complex
than the TRPL method and the method of determining the carrier
lifetime by measuring the LED bandwidth with a vector network
analyzer. Carrier lifetime measurements for low-current scenarios
guide the selection of the appropriate modulation depth and LED
operating frequency for VLC systems. The test data for this
method do not require a function approximation fitting operation
based on the LED equivalent model. Because of the thermal and
negative capacitance effects of LEDs operating at high currents
[37], [38], [39], the relative error in determining the carrier
lifetime by fitting the impedance of LEDs can be large, and the
test data even cannot be fitted to the carrier lifetime. In addition,
phase calibration of the transmit and receive signal cables was
carried out innovatively, and no external discrete signal amplifiers
were added to the measurement system, thus advantageously
improving the stability of the measurement results and
minimizing measurement errors.

The effect of the injected current density on the DLT of
RGB mini-LEDs was investigated with the suggested method.
As the injected current density increases, the DLT of the
same LED decreases, and the DLT of green mini-LEDs
decreases faster than that of blue mini-LEDs. The DLT
decreases with increasing injected current density, whereas
the FWHM increases with increasing injected current
density. The method proposed in this paper also provides a
way to study the junction capacitance and differential
resistance of LEDs. The junction capacitance of the LED
increases as the injected current density increases, while the
differential resistance decreases. The measurement method
employs a DSP lock-in amplifier to lock the light signal to be
measured, filtering out high-frequency signals and noise and
advantageously supporting DLT measurement in low-current
scenarios. The transmit and receive signal cables are phase-
calibrated before testing, and the system does not use discrete
signal amplifiers, reducing measurement errors. The method
proposed in this paper possesses significant advantages in
terms of noise immunity, reduction of measurement error,
adaptation to low-current scenarios, and cost reduction.
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