
Fast switching of light-emitting diodes

A.B. Brailovsky, V.V. Mitin*

Department of Electrical and Computer Engineering, Wayne State University, Detroit, Michigan 48202, USA

Received 12 September 1999; accepted 19 October 1999

Abstract

We have proposed a method of increasing the switching speed of a light-emitting diode by controlling the voltage
across the device rather than the current through it. While the speed of conventional current-control methods is
limited by the recombination processes in the active region, with their characteristic time being of the order of

several nanoseconds, we have shown both analytically and numerically, that the characteristic time of the voltage-
control method can be two orders of magnitude smaller. Such a speed is provided by a large pulsed current that
rapidly removes excessive carriers from the active region if the device is being switched o�, and injects them into the
active region if the device is being switched on. 7 2000 Elsevier Science Ltd. All rights reserved.

One of the most important parameters of light-emit-
ting diodes (LED) is their speed of operation or the re-

sponse (switching) time. This time determines how fast
a LED can be switched from one state characterized
by the current I1 and forward voltage U1 to another

one (I2 and U2). It is commonly believed that the re-
sponse time of LEDs is limited principally by the life-
time t of injected carriers that is responsible for

radiative recombination. If we consider a small sinusoi-
dal perturbation of the pumping current so that
I=I0+I1 cos(ot ), the emitted optical power P varies

linearly with injected current and can be written as
P=P0+P1 cos(ot ). The associated transfer function,
which is de®ned as H(o )=(P1/I1) exp( jf ), assumes
the form [1]

H�o�A 1

1� jot
, �1�

which is the characteristic of a resistor-capacitor cir-

cuit. The rise time of the LED is t and its 3-dB band-
width is B=(2pt )ÿ1. A larger bandwidth B is therefore

attained by decreasing t, that includes contributions

from both the radiative lifetime, which is estimated as
tr=(Coptn)

ÿ1, and the non-radiative lifetime tnr,
through the relation tÿ1=tÿ1r +tÿ1nr . However, redu-

cing tnr results in an undesirable reduction of the
quantum e�ciency. Therefore, in the optimal regime of

operation we can consider t=tr, which is known to be
of the order of several nanoseconds. Such character-

istic times were reported for InGaN/AlGaN double

heterostructure light-emitting diodes [2,3] for GaAs/
AlGaAs LEDs [4,5], and for AlGaInP LEDs [6].

It has been stated in [7] that conventional methods

of modulating semiconductor lasers by varying the
pumping current are limited to relatively low frequen-

cies of about 1 GHz (t > 1 ns) and smaller. Though

the problem of fast control of laser diodes is more
complicated due to the appearance of other character-

istic time parameters like the relaxation oscillation fre-

quency and the photon lifetime in the laser cavity, but
the statement that a fast change in the pumping cur-

rent does not lead to an as fast change in the emitted
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power, is still true. That is why there has been
suggested several indirect methods of the light power

modulation such as electron heating by an externally
applied microwave ®eld [8] or by an additional high-
frequency signal [9,10], and electro-optic modulation

of the Bragg re¯ectors in surface-emitting lasers [7].
So we can conclude that direct control of the pump-

ing current in laser diodes and, especially, in LEDs

fails to provide high speed of operation because a
change in the emitted light power cannot occur until
the excess carriers in the active region recombine.

However, it is known that a step-like switching of
the voltage across a PIN diode [11,12] or thyristor [13]
from the forward to reverse bias causes a pulse of
reverse current IR that is actually limited by a series re-

sistance only. If this resistance is su�ciently small, the
magnitude of the pulse can be much greater than the
forward current IF through the diode before the

switching. This process is called the reverse recovery
and its characteristic time is given by [11]

Ts � t� ln

�
1� IF

IR

�
: �2�

Actually, the value of switching time determined from
Eq. (2) is just an estimation, but the important fact is

that for IR>>IF, the switching time Ts can be consider-
ably smaller than the recombination time t if we con-
trol the voltage across the device rather than the
current.

To demonstrate the proposed switching method on a
model that allows a relatively simple analytical sol-
ution, we have considered a forward biased pn-junction

diode with low injection level in both p and n regions.
We assume that the current is caused by the di�usion
of minority carriers and all the voltage drops across

the junction only. The excess electron concentration in
the p region is given by

n�x� � nie
qV=kTeÿx=L � n0e

ÿx=L, �3�

where ni is the equilibrium electron concentration in p

material, L � ������
Dt
p

is the electron di�usion length, D is
the di�usion coe�cient and t is the lifetime of elec-
trons in the p region. It follows from Eq. (3) that the

concentration of electrons at the junction (x = 0) is
determined by the bias voltage.
Let us suppose that the voltage across the junction

and, consequently, the electron concentration is chan-

ged so that the new concentration at the junction is
n0ÿDn, where Dn is a given function of time expressed
as

Dn�t� � Dn�1ÿ eÿa
0t�, �4�

where a ' is a constant that determines how fast the
concentration at the junction is changed. Under the

assumptions, the deviation of electron concentration in
the volume of the p-region from that de®ned by Eq.

(3) is governed by the following equation:

@n

@ t
� D

@ 2n

@x 2
ÿ n

t
: �5�

In dimensionless variables t=told/t and x=xold/L, Eq.
(5) looks as follows:

@n

@ t
� @ 2n

@x 2
ÿ n: �6�

The initial condition for this equation is n(x, t =
0)=0, and the boundary conditions are n(x = 0,
t )=Dn(1ÿeÿat), where a=a 't, and n(x=1, t )=0.
Applying the Laplace transform to Eq. (6), we obtain

@ 2np

@x 2
� � p� 1�np, �7�

where np(x ) is the Laplace transform of the function
n(x, t ).

The solution of Eq. (7) with the account of the in-
itial and boundary conditions is:

np�x� � Dneÿx
������
p�1
p �

1

p
ÿ 1

p� a

�
: �8�

Since the current in our system can be written down as

Fig. 1. Transient current vs time for voltage-control switching

of the model pn-diode. The minority carrier concentration at

the junction is given by n(t )=n0ÿDn(1ÿeÿat). The curves cor-

respond to (1) a=50, (2) a=10, (3) a=2, and (4) a=0.5.
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j�t� � ÿ @n
@x

����
x�0

, �9�

the Laplace transform of the current is

jp � Dn
�����������
p� 1

p �
1

p
ÿ 1

p� a

�
: �10�

Since we are interested in fast switching of the diode,
we choose a>1. In this case the inverse Laplace trans-

form of Eq. (10) is [14]:

j1�t� � Dn
2���
p
p

 � ��
t
p

0

eÿy
2

dy

� eÿat
�����������
aÿ 1
p � ����������

�aÿ1�t
p

0

e y2 dy

!
:

�11�

Since our calculations relate to the deviation of the
concentration and current from their initial values, the

total current in the system is

jtot�t� � n0 ÿ j1�t�: �12�

The dependence of the total current on time for var-
ious a is depicted in Fig. 1. We have chosen n0=1 and

Dn = 0.9. We can see that a pulse of reverse current
arises at the beginning of the transient process with
a>>1. This pulse is responsible for the fast removal of

excess carriers. But for a=2 and a=0.5, the negative
pulse does not appear because the removal of excess
carriers occurs mainly due to recombination. As it can
be seen from Eq. (11) and Eq. (12), the ®nal value of

the current at t41 is equal to n0ÿDn.
Now we consider a situation when the current ¯ow-

ing through the junction is controlled externally so

that jtot(t )=n0ÿDn(1ÿeÿat). Since jA @n/@x, by taking
the partial derivative of Eq. (6) over @x, we obtain
exactly the same equation for the current with the

same initial and boundary conditions. Then the
Laplace transform of the current is

jp�x� � Dneÿx
������
p�1
p �

1

p
ÿ 1

p� a

�
, �13�

and the Laplace transform of the concentration at the
junction is

np�x � 0� �
�
jp�x� dx jx�0

� ÿ Dn�����������
p� 1
p

�
1

p
ÿ 1

p� a

�
:

�14�

Taking the inverse Laplace transform of Eq. (14), we
have for a>1:

n1�t� � Dn
2���
p
p

 � ��
t
p

0

eÿy
2

dy

ÿ eÿat�����������
aÿ 1
p

� ����������
�aÿ1�t
p

0

e y2 dy

!
,

�15�

and the total concentration is

n�x � 0, t� � n0 ÿ n1�t�: �16�
We can see from Eq. (15), the contribution of the sec-
ond term, which is proportional to 1=

�����������
aÿ 1
p

, vanishes
as a increases. Therefore, even if the current is

switched very rapidly, the concentration of injected
carriers still decays slowly according to the recombina-
tion law.

Obviously, the solutions we have obtained are valid
for the process of switching the device on (we just
have to change the sign of Dn ). If we provide a step-

like increase of the voltage across the junction, it will
cause a large pulse of forward current whose magni-
tude is larger than the current in the ON-state, ION.
This current would introduce the excessive carriers for

a smaller time than that of the current-control switch-
ing.
Of course, this simple model just gives us a qualitat-

ive picture of the fast carrier removal and fails to pro-
duce real values of switching time. The major reason
for this is our complete neglecting of the drift e�ects

that could change the picture drastically. The exact
description of these processes with the use of direct nu-
merical simulations is presented below.
For our numerical simulations we have chosen the

Fig. 2. A sketch of the model LED.
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structure depicted in Fig. 2. The device consists of

wide-bandgap heavily-doped AlGaAs p+- and n+-

emitters that provide high injection e�ciency of their

majority carriers and a narrow-bandgap lightly-doped

GaAs active region (the well) where the injected car-

riers are con®ned and recombine, and where light

emits from. We have chosen graded heterojunctions at

the boundaries of the active region (indicated by two

lines parallel to the well in Fig. 2. Such a design is

favorable because it makes the carrier capture to and

escape from the active region easier and allows us to

avoid the e�ect of thermionic emission that is typical

for abrupt heterojunctions [15]. The thermionic emis-

sion current could restrict carrier escape from the well

and, consequently, the reverse current arising during

the process of fast switching. Another advantage of the

design is that the graded heterojunctions allow one to

diminish the parasitic surface recombination on the

heterointerfaces [16] and to increase the quantum e�-

ciency. We have chosen the width of the transient

layers at the heterojunctions equal to 0.04 mm each,

which is su�cient to consider them smooth and to

make the drift-di�usion approach we have used for

our numerical calculations valid.

We consider two forward-biased states of the LED.

The ®rst one corresponds to the ON-state with the cur-

rent density of ION=104 A/cm2 and the forward vol-

tage of VON=1.55 V, the second one Ð to the OFF-

state with the current density of IOFF=102 A/cm2 and

the voltage of VOFF=1.34 V. The value of ION is a

typical threshold current in GaAs heterojunction lasers

[17] and corresponds to the carrier concentration in

the well of about 1.5 � 1018 cmÿ3. The second state is

a typical OFF state in which no light is being emitted

from the well.

First, we consider switching the LED o�. The pro-

cess has been simulated as follows: the voltage across

the device is ramped from VON to VOFF for 10ÿ11 s

and then kept equal to VOFF. In Fig. 3, we present the

distributions of radiative recombination rate in the

Fig. 3. Radiative recombination rate in the well vs the distance, counted from the top of the device shown in Fig. 1, during the pro-

cess of switching the diode OFF at di�erent time instants for R0=0. t=0 (ON-state), t=7.1� 10ÿ12 s (1), t=1.11� 10ÿ11 s (2),

t= 1.31 � 10ÿ11 s (3), t= 1.49 � 10ÿ11 s (4), t= 1.69 � 10ÿ11 s (5). (b) Time dependence of the total optical power emitted from

the well.
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well at various time instants during the switching pro-
cess and the total optical power (the photon ¯ux den-

sity) P(t ) that is emitted from the well given by

P�t� �
�
W

Copt�x, t� dx, �17�

where the integration goes over the length of the active

region W = 0.1 mm. The value of resistance R0 con-
nected in series with the LED is equal to zero.
As we can see, the characteristic time of the switch-

ing process is of the order of 10ÿ11 s, while the radia-
tive recombination time in the ON-state is tr=2 �
10ÿ9 s. Naturally, the process causes a huge pulse of

reverse current of about 5.5� 105 A/cm2 (see Fig. 4(b))
that removes the excessive carriers from the well. To
ensure this fast removal, a large pulsed electric ®eld of

about 6 � 103 V/cm arises in the p+-emitter, as it is
seen in Fig. 4(a). Since the value of electron mobility
in AlGaAs is much greater than that of hole mobility,
the electric ®eld in then n+-emitter is much smaller.

However, the pulsed current in both emitters is caused
by majority carriers as it is seen from Fig. 4(b). Mean-

while, the pulsed current in the well is purely di�usive
(see Fig. 3(a)).At the beginning of the switching pro-
cess when the concentration of injected carriers in the

well is still large, the slope in their distribution is
noticeably smaller than that at t = 1.11 � 10ÿ11 s at
which the concentration has already dropped but the

value of @n/@x still should be large.
So we can conclude that it is the resistance of the

p+-emitter that restricts the value of reverse current if

the external series resistance R0=0. Therefore, the fast
switching becomes possible only if the length of the
p+-region is small enough to allow the appearance of
a large pulsed electric ®eld in it. At the same time, a

decrease in its length beyond 0.2 mm is meaningless
due to the saturation of the hole velocity. Our calcu-
lations have shown that the optimal length is about

0.2±0.6 mm.
To ®nd out how the series resistance in¯uences the

process of switching the LED o�, we have performed

numerical simulations for various values of R0. For
non-zero series resistances, the values of ION and IOFF

were kept the same, the forward voltage drops across

Fig. 5. Total optical power emitted from the well vs time

during switching the diode OFF (a) and ON (b) at di�erent

series resistances: R0=0 (solid line), R0=5 � 10ÿ6 O cm2.

(dashed line), R0=1.5� 10ÿ4 O cm2 (dotted line), and R0=1
(short-dashed line).

Fig. 4. (a) Electric ®eld in the p+-emitter vs the distance,

counted from the top of the device shown in Fig. 2, during

the process of switching the diode OFF at di�erent time

instants for R0=0. t=0 (ON-state), t=7.1� 10ÿ12 s (1), t=
1.11 � 10ÿ11 s (2), t = 1.31 � 10ÿ11 s (3), t = 1.49 � 10ÿ11 s

(4), t = 1.69 � 10ÿ11 s (5). (b) Electron (solid line) and hole

(dashed line) current densities in the whole device vs distance

at the same time instants.
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the whole system (LED plus resistor) being recalcu-
lated and eventually ramped between their new values.

The case R0=1 actually corresponds to current-con-
trol switching. Here the current has been ramped
between ION and IOFF according to the same law as

before.
In order to demonstrate the e�ect of the series resist-

ance on the LED's switching speed, we have depicted

time dependences of the total optical power emitted
from the well while switching o� the device (Fig. 5(a))
and on (Fig. 5(b)) at di�erent series resistances. It is

clearly seen that the voltage-control regime of switch-
ing (R0=0) exhibits an approximately two-order-of-
magnitude gain in speed of operation compared to the
traditional current-control regime (R0=1).

Thus, we have shown both analytically and numeri-
cally that the speed of conventional current-control
methods of switching of light-emitting diodes is limited

by recombination processes in the active region. The
characteristic time of these processes is of the order of
several nanoseconds. We have also shown that there

exists a possibility to increase the speed of operation
considerably by controlling the voltage across the
device rather than the current through it. A step-like

change in the forward voltage results in a large pulsed
current that rapidly removes excessive carriers from
the active region if the device is being switched o� and
injects them into the active region if the device is being

switched on. The characteristic time of these processes
has been shown to be approximately two orders of
magnitude smaller than the recombination time.
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