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Influence of the backward-pump process on photon-number squeezing
in a constant-current-driven heterojunction LED:

Transition from thermionic emission to diffusion limits

Masahide Kobayashi, Masamichi Yamanishi,* Hiroyuki Sumitomo, and Yutaka Kadoya
Department of Physical Electronics, Faculty of Engineering, and Hiroshima-Branch of Research Projects for Core Research

Evolutional Science and Technology (CREST), JST, Hiroshima University, 1-4-1 Kagamiyama, Higashi-Hiroshima 739-8527, J
~Received 30 April 1999!

Physical mechanisms which limit the squeezing bandwidth in a heterojunction light-emitting diode~LED!
have been extensively studied both theoretically and experimentally. It is proven that our experimental results
of pump-current dependence of the squeezing bandwidth in the constant-current-driven heterojunction LED at
room temperature cannot be explained by previous theoretical predictions. We present a theoretical framework,
including the effects of a microscopic backward-pump~BP! process, generally applicable to a heterojunction
LED. Parameters describing the relative significance of the BP process are determined by the measurements of
current-versus-voltage characteristic and differential resistance of the LED, independent of the noise measure-
ments. As a consequence, the experimental results can be explained by our model in a unified manner over a
whole range of injection current, and it is clarified that the pump situation of the LED moves continuously from
thermionic emission to diffusion limits with increasing pump current.@S0163-1829~99!09247-4#
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I. INTRODUCTION

Generation of nonclassical lights, such as photon-num
squeezed states and quadrature-phase squeezed states
pected to conquer the difficulties due to the standard qu
tum limit ~SQL! of classical~coherent! lights, in a variety of
applications ranging from optical communications to biolo
where the capacity of light to carry information is limited b
photon-number fluctuations. A photon-number squee
state, having photon-number uncertaintyDn smaller than
that of coherent lights~the square root of the average num
ber, An0 of Poissonian distribution!, is termed a sub-
Poissonian photon state. Among a variety of schemes, d
generation of sub-Poissonian photon fluxes from semic
ductor light emitters has been attracting much attention s
the first theoretical prediction1 and successive experiment
works,2,3 because of the simplicity of experimental arrang
ment, the low-energy consumption, the possibility of a la
degree of noise suppression, and the compatibility to mod
communication systems. So far, the reduction of phot
number noise below the SQL level has been observed u
semiconductor laser diodes~LDs! ~Refs. 2 and 4! or light-
emitting diodes~LEDs! ~Refs. 3 and 5–10! driven by high-
impedance constant-current sources and series coupled L
driven by constant-voltage sources.11,12 The quantum corre-
lated twin beams have been predicted13 and observed with
coupled LEDs~Refs. 11, 12, and 14! and LDs.15 In an engi-
neering view, such as device uses in few photon dire
detection optical communication systems, the LE
~spontaneous-emission! mode operation is of crucial impor
tance since LEDs can have higher quantum efficiencie
very low current regime, and as a result, weak s
Poissonian fluxes can be generated with LEDs even at p
rates far below the threshold for the onset of lasing.16

In the case of constant-current driving of an LED or L
PRB 600163-1829/99/60~24!/16686~15!/$15.00
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the current shot noise of a resistor in source circuit can
suppressed by inelastic electron scatterings.17–19 However,
the suppression of current noise does not necessarily gua
tee the suppression of shot noise in output photon fluxe
semiconductor light emitters, since the dynamics of pu
and recombination processes could also affect
squeezing.1,20,21 Recently, Kimet al. have analyzed the in
fluence of carrier flow~pump process! across the depletion
layer of ap-n junction on the squeezing of output photo
number fluctuations.22 They took account of both micro
scopic stochastic forward-~FP! and backward-pump~BP!
events on the basis of a macroscopic diffusion model for
carrier transport in ap-n homojunction, and obtained an an
lytical expression for the squeezing bandwidth in terms
the time constants of pump and recombination processes
the other hand, prior to the diffusion model, a thermion
emission model has been proposed by Imamogl̄u et al. for a
heterop-n junction LED, where they ignored the BP pro
cess, and analyzed the squeezing bandwidth governed b
forward thermionic-emission process under the assump
that the recombination events take place immediately a
the electron pump events.23,24 Recently, we have demon
strated the squeezing over a wide frequency range reac
100 MHz at room temperature using commercially availa
high-performance~high-speed and high-quantum-efficienc!
heterojunction LEDs.10 The widest 3-dB squeezing band
width of ;60 MHz obtained at high injection currents
basically limited by the recombination dynamics of ele
trons, while the bandwidth at the low injection current r
gime is done by the time constant of ‘‘macroscopic Coulom
blockade’’6,9 for the pump process. However, the observ
current dependence of the bandwidth in the intermediate
rent regime can be fitted by neither the diffusion22 nor ther-
mionic model.24

In addition to the high impedance noise suppression
16 686 ©1999 The American Physical Society
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PRB 60 16 687INFLUENCE OF THE BACKWARD-PUMP PROCESS ON . . .
new scheme termed the quantum-confined Stark ef
~QCSE! blockade16 has been proposed, which allows us t
direct regulation of emission events and, as a result, in wh
the high-impedance circuit is not necessarily required for
squeezing. Such a new understanding of the emission
cess may open up a new opportunity in future application
sub-Poissonian photon states.

In the present work, we study in detail physical mech
nisms which limit the squeezing bandwidth in the hete
junction LED driven by a constant-current source at ro
temperature. It is shown that in the LED operating in t
intermediate current regime, the BP rate relative to the
rate increases substantially as the injection current increa
and the experimental results of the squeezing bandwidth
be explained in a unified manner over a whole range of
jection currents in terms of our model proposed in this pap
In Sec. II, we will briefly review the previous predictions fo
the squeezing bandwidth in constant-current-driven LE
Then, our experimental results of photon-number squee
obtained with the high-speed heterojunction LED driven b
constant-current source will be presented in Sec. III. In S
IV A, we will present our theory, which, without the assum
tion of any specific models for the BP process, includes p
nomenological parameters to represent the influence of
BP process, and in Sec. IV B, the experimental procedure
determine the parameters will be shown. Then in Sec. IV
we will show that the experimental results of the squeez
bandwidth are successfully interpreted in terms of our th
retical model. In Sec. V, we will give some conclusions.

II. BRIEF REVIEW OF THE THEORY
OF SQUEEZING BANDWIDTH

Here, we briefly review theoretical models proposed
far for the interpretation of physics behind sub-Poisson
photon generation in LEDs driven by high-impedan
constant-current sources. The current source noise desc
by Johnson-Nyquist noise in a resistor,Rs , can be much
weaker than the full shot noise of a current flow, i.
4kBT/Rs!2eILED if Rs is sufficiently high, where
kB , T, e, andI LED are the Boltzmann constant, the devi
temperature, the elementary charge, and the dc pump cu
of an LED, respectively. However, ‘‘quiet electron flows
created by high-impedance constant-current sources do
necessarily lead to the generation of ‘‘quiet phot
flows.’’1,20 Figure 1 shows the energy band diagram o
hetero-p-n junction LED. The conduction electrons have
be supplied to ap-doped active region from ann-doped
wide-band-gap region across the potential barrier by ther
onic emission, diffusion, or tunneling processes. Such
electron transport process is a completely random point~sto-
chastic! one on a microscopic level as it is caused by
collision of electrons with phonons. Hence, ‘‘quiet electr
flows’’ are disturbed, and the extra noise would be added
the carrier injection process. Fortunately, however, the m
roscopic pump rate is regulated even in the conventio
macrosize LEDs or LDs through a negative feedback mec
nism owing to the junction voltage fluctuations induced
the resultant effects of many pump events, if the time w
dow ~measurement time! Dt is much wider than the
thermionic-emission timet te5kBTCdep/(eILED), whereCdep
ct
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is the junction capacitance.1,6,24Namely, the regulation band
width for the pump process is given by 1/(2pt te). This regu-
lation mechanism is sometimes termed ‘‘macroscopic C
lomb blockade’’ or ‘‘collective Coulomb blockade.’’6,22,24It
is interesting to note that the inequality to realize the sour
noise suppression, 4kBT/Rs!2eILED , is equivalent to the
condition, namelyRs@ differential resistance of LED,r d
>kBT/(eILED), under which the junction voltage can fluctu
ate freely and the pump current is kept constant despite
junction voltage fluctuations. In addition to the normal inje
tion of electrons~FP! considered above, the reverse curre
flow, i.e., the backward transport of conduction electro
from the p-type active to then-type wide-band-gap region
~BP!, may exist on a microscopic level. The~net! average
current is given by the difference between the FP and
rates. In the noise analysis, each process has to be tre
separately. The way to treat the BP process has not yet b
well-established and is a key issue of the present work.

Another random point process is involved in the radiat
recombination process of injected carriers. Spontaneous
cay of the excited electrons has a shot-noise character
cause vacuum-field fluctuations~VFFs! trigger spontaneous
emissions. However, the free fluctuations of the elect
populationNC in the active region induced by the rando
emission events bring us an internal negative feedback
the emission events. Namely, the fluctuations of the pho
emission rate associated with the population fluctuations c
cel the shot noise originally involved in the photon emissi
process, as far as the measurement time window is w
than the recombination lifetime of the carriers,t r , the time
required for an appreciable change in the electron pop
tion. Thus, the bandwidth for the regulation of the emiss
process due to the fluctuations of electron population is gi
by 1/(2pt r).

It may be naturally predicted that the squeezing ba
width of photon-number fluctuations is characterized by b
the characteristic time constants of the pump and recomb
tion dynamics. In fact, adopting the macroscopic diffusi
model to an LED, Kimet al.22 have obtained an expressio
for the squeezing bandwidth~3-dB rolloff bandwidth! f c as

FIG. 1. Typical energy-band diagram under the forward-b
condition of a commercialp-n heterojunction light-emitting diode
~LED!. Band-gap gradings at the interfaces between then-type wide
gap and active regions and between the active andp-type wide gap
regions are taken into account~for a detailed discussion on potentia
profiles in a graded-gap junction diode, see Appendix B!.
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f c5
1

2p~t te1t r !
5

1

2pS kBTCdep

eILED
1t r D . ~1!

Some experimental results have been fitted rather wel
Eq. ~1!.6,9 However, it is questionable whether the macr
scopic diffusion model is applicable generally to heteroju
tion LEDs, since the BP rate is to strongly depend on
band-gap discontinuities in the heterostructure devices.
deed, our experimental results cannot be interpreted in te
of the theoretical curve estimated with Eq.~1!, as will be
shown later. On the other hand, Imamogl̄u et al.24 focused on
another extreme case where carrier injection into the ac
region is caused only by the thermionic-~forward-! emission
process in a heterojunction LED. Under the assumption
the injected carriers recombine instantaneously, they sho
that the squeezing bandwidth is given byf c
5eILED /(2pkBTCdep). However, such assumption may n
again be valid for our LED where the BP process takes pl
more or less particularly at room temperature.

III. NOISE MEASUREMENTS

A. Experimental arrangement

A schematic diagram of the experimental arrangement
room-temperature measurements is shown in Fig. 2. A h
speed AlxGa12xAs LED ~Hitachi HE8812SG!, whose emit-
ting surface is shaped hemispherically to give rise to
high external quantum efficiency,25 has a double hetero
junction ~DH! structure, n-Al0.2Ga0.8As/0.5-mm-thick
p-Al0.01Ga0.99As/p-Al0.2Ga0.8As and an emission spectrum
l;860 nm, peaking in the high sensitivity waveleng
range of a high quantum efficiency siliconp-i -n photodiode
~PD! ~Hamamatsu S6040!. The LED was connected to
voltage source~a dry cell battery! through a metal-film resis
tor Rs52 K V, much higher than the differential resistan
r d of the LED (Rs@r d), i.e., the LED was driven by a high
impedance constant-current source. For the measureme

FIG. 2. Schematic diagram of the experimental arrangem
For the measurement of sub-Poissonian photon state, the l
emitting diode~LED! was coupled tightly to the photodiode~PD!.
On the other hand, in order to calibrate the full shot-noise~FSN!
level, another LED was coupled weakly to the PD.
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sub-Poissonian photon states, the LED was placed jus
front of the PD to yield a high current-to-current conversi
efficiency ~photodetector current,I PD/LED-pump-current,
I LED), h;20% at room temperature.10 The output current
flow in the PD was converted to a voltage signal through
load resistor (RPD5330 V). Then, the noise signal was am
plified by an ultralow noise preamplifier~NF SA-220F5! and
was finally fed to a spectrum analyzer~HP HP4396A!. The
high-frequency characteristic of the detection system w
primarily limited by that of the RC low-pass circuit forme
by the capacitance of the PD, the input capacitance of
preamplifier, and the load resistor.

To determine experimentally the full shot-noise~FSN!
level ~reference level!, the PD was illuminated by anothe
LED ~HE8812SG! located far away from the PD to reduc
the coupling efficiency,h<1%.10 We can compare directly
the measured FSN level with the theoretical prediction 2eIPD
in the low-frequency range,f &1 MHz, where the circuit
voltage gain of the detection system is identified to be
certain value, 200. Figure 3 shows typical traces of the no
levels on the spectrum analyzer focused on the lo
frequency regimef <1 MHz. TraceA obtained without il-
lumination for the PD is the background noise level cons
ing of thermal noise of the load resistor and amplifier noi
traceB obtained by illuminating the PD in the low couplin
arrangement represents the sum of FSN level and b
ground noise level, and traceC obtained by driving the tes
LED adjacent to the PD does the sum of sub-Poisson
photon noise level and background noise level. The exp
mental value of the FSN level~traceB minus traceA) at the
frequency range 50 KHz< f <1 MHz was confirmed to be
in very good agreement with the theoretical one, 2eIPD,
within a very small error of;0.2%. The normalized spectra
noise power density of sub-Poissonian photon fluxes
evaluated from these traces as (trace C
2trace A)/(trace B2trace A). The obtained normal-
ized spectral density is equal to the spectral Fano factor
fined as the ratio of spectral noise power density to dc qu
tity, (dI PD/e)2/(I PD/e), because of (dI PD/e)25I PD/e for
the shot-noise case, where (dI PD)2 is the spectral noise
power per unit frequency band in the detector current. Si
the circuit geometry of the detection system is fixed in the
measurements, we can obtain the Fano factor over a w

t.
ht-

FIG. 3. Typical traces of spectral photocurrent noise detected
the photodiode~PD!. Bottom traceA is the background noise ob
tained without illumination for the PD, top traceB is the photocur-
rent noise obtained with the PD coupled weakly to a light-emitt
diode~LED!, and middle traceC is the photocurrent noise obtaine
with the test LED driven with a constant-current source. The d
were obtained with a resolution bandwidth of 10 KHz, a vid
bandwidth of 30 Hz, and a sweep time of 10.24 s.
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PRB 60 16 689INFLUENCE OF THE BACKWARD-PUMP PROCESS ON . . .
frequency range without corrections associated with the
quency characteristic of the detection circuit as far as
circuit gain is high enough to discriminate the signal on
spectrum analyzer from the background noise level. T
whole measurement system was installed inside a sh
room.

B. Wide-band squeezing of photon-number fluctuations

Figure 4 shows the spectral Fano factor of detected p
tons, Fd( f ), for a LED-pump current of 13.18 mA and
quantum efficiency ofh518.16%, demonstrating a substa
tial noise suppression below the FSN level over a wide
quency range from near dc to 100 MHz.10 In this relatively
high current regime, thermionic response time of thep-n
junction is much shorter than the recombination lifetime
the active layer, t r52.6 ns@t te5kBTCdep/(eILED)
50.14 ns withCdep570 pF, and the squeezing bandwid
is primarily limited by the recombination dynamics. By fi
ting of the experimental result with the theoretical curve
such a case,26

Fd~ f !512h1h
~2p f t r !

2

11~2p f t r !
2

, ~2!

we obtainh50.17, which is reasonably close to the expe
mental value obtained with dc measurement (h50.1816)
andt r52.6 ns, also close to the widely accepted value,t r
;3 ns,27 of the electron lifetime in a highlyp-doped
(;1018 cm23) GaAs, which is the active layer materia
~though more strictly, Al0.01Ga0.99As) of the present LED.
The short recombination lifetime of electrons enabled us
observe the wide-band squeezing of photon-number fluc
tions. The bandwidth of the noise suppression,f c , defined as
the frequency at which the degree of noise reduction is

FIG. 4. Spectral Fano factor of output photon fluxes ove
wider frequency range obtained with a high-speed light-emitt
diode ~LED! ~Hitachi HE8812SG! driven by a constant-curren
~13.18 mA! source at room temperature. The data were obtai
with a resolution bandwidth of 1 MHz, a video bandwidth of
KHz, and a sweep time of 5.12 s. For a comparison with the
perimental result, the theoretical curve estimated with Eq.~2! is also
indicated. The values of overall quantum efficiency and recomb
tion lifetime are used, in the estimation, to beh50.17 andt r

52.6 ns, respectively.
-
e

e
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the maximum suppression at the low-frequency limit, is o
served to be;60 MHz in this specific case, which is th
widest ever reported with LEDs. This bandwidth for th
noise suppression is very close to 3-dB bandwidth of opt
output for external current modulation of the same type LE
as ours, reported in Ref. 25.

Figures 5~a! and 5~b! show the spectral Fano factors o
photon number detected by the PD for four different LE
pump currents~0.23 mA, 0.91 mA, 2.26 mA, and 13.1
mA!. In the low current regime@Fig. 5~a!#, the squeezing
bandwidth is obviously expanded with the increase of pu
current, whereas in the high current regime@Fig. 5~b!# the
squeezing bandwidth is almost unchanged. In the next s
section, the pump-current dependence of the squeezing b
width will be demonstrated to investigate the squeez
mechanism of photon-number fluctuations in the heteroju
tion LED.

C. Pump-current dependence of the squeezing bandwidth

As a result of the careful measurements carried out w
the high-performance LED, we obtained precisely system
experimental results on the current dependence of
squeezing bandwidth, which may allow a qualitative disc
sion on the physical mechanisms which limit the squeez
bandwidths at various injection current levels. The measu
squeezing bandwidths~squares! at room temperature ar
plotted as a function of pump-currentI LED ~or corresponding
current density! in Fig. 6. In the measurements, the res

a
g

d

-

-

FIG. 5. Spectral Fano factors of output photon fluxes from
same light-emitting diode~LED! as in Fig. 4 obtained with four
different pump currents@~a! 0.23 mA and 0.91 mA and~b! 2.26 mA
and 13.18 mA#. The data forI LED50.23 mA were obtained with a
resolution bandwidth of 300 KHz, a video bandwidth of 1 KHz, a
a sweep time of 5.12 s, and the data for the other currents w
obtained with the same condition as in Fig. 4.
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16 690 PRB 60KOBAYASHI, YAMANISHI, SUMITOMO, AND KADOYA
tanceRs52 K V, through which the LED was driven, wa
chosen to meet the constant-current condition (Rs@r d) for
all the current levels. The solid curve shows the theoret
prediction estimated with Eq.~1!. In the estimation, the junc
tion capacitanceCdep570 pF and the reasonable recombin
tion lifetime t r52.6 ns were chosen independently so as
result in the best fittings between theory and experiment
the low and highI LED limits, respectively. The postulate
value Cdep570 pF was reasonably close to the measu
diode capacitance 50 pF at an applied forward voltage of
V, which is slightly lower than the bias voltages used in t
noise measurements,V51.35–1.5 V. Nevertheless, the e
perimental values obviously deviate from the theoreti
ones in the mid-I LED range, I LED50.6–10 mA indicating
that Eq.~1! cannot be used to explain the experimental
sults over the whole range ofI LED . In other words, the mac
roscopic diffusion model is not applicable to the present h
erojunction LED unlike a homojunction LED.22 In the next
section, we will propose a model which will eventually in
terpret our experimental results over the entire range
I LED .

IV. UNIFIED MODEL
FOR THE SQUEEZING BANDWIDTH

A. Framework of the backward-pump model

Let us go back to the energy-band diagram of a hete
junction LED under a forward-bias condition shown in Fi
1. The LED~HE8812SG! used in the present work would b
viewed electrically as a singlep-n-junction device since the
active andp-type wide-band-gap regions of the LED a
highly p-doped,25 Na.131018 cm23, much higher than the
doping concentration in then-type wide-band-gap region
Nd;131017 cm23, as will be discussed in Appendix B. I
other words, the voltage drops across thep-type active re-
gion and thep-p heterojunction between the active an
p-type wide-band-gap regions are negligibly low compa
with the voltage drop across thep-n junction. The device
performance of such a LED may be characterized by elec
transport from then-type wide band gap top-type active

FIG. 6. Measured pump-current~-density! dependence of the
squeezing bandwidth of the high-speed light-emitting diode~LED!
driven by constant-current sources at room temperature. The ex
mental results are compared with the theoretical curve estim
with Eq. ~1!, usingCdep570 pF andt r52.6 ns.
al

-
o
in

d
.3

l

-

t-

f

-

d

n

regions and by recombination dynamics of electrons in
active region. The injected electron density in the active
gion is estimated to be 531016 cm23 even with the highest
LED current, 20 mA used in the present work, which
much lower than the doped hole concentrati
(.1018 cm23) in the active region. This may justify the us
of a linear recombination model. Another important point
be considered is backward electron transport, which
termed the backward-pump~BP! process in this paper, from
the active ton-type wide-band-gap regions. In general, t
excess energy of an electron thermally injected from
n-type region into thep-type active region is relaxed quickl
by its interaction with phonons, other electrons, and ho
However, for a high pump current, some of the injected el
trons may no longer be completely relaxed down to arou
the conduction-band edge because of the hot carrier effe28

and/or band filling. As a result, electrons with energ
higher than then-side barrier height,efn , of the heterojunc-
tion can go back then-type layer and thus the BP proce
may take place as shown in Fig. 1. Hence, the LED sho
be viewed as a quantum-mechanical system including su
BP process.

We start by putting the operators, written in the Heise
berg picture, representing the electron FP rate,P̂f(t), the

electron BP rate,P̂b(t), and the emission~electron linear
recombination! rate,N̂C(t)/t r , in the active region with the

electron populationN̂C(t) and the photon fluxF̂(t) detected
by a PD with an efficiencyh, as the sums of their steady
state~average! and small fluctuation terms. The correspon

ing Langevin noise source operatorsĜpf(t), Ĝpb(t), and

Ĝsp(t) are added to the FP, BP, and emission rate opera
respectively, andF̂(t) is involved in the photon flux opera
tor, to represent a complete set of time evolution of the
quantities,

P̂f~ t !1Ĝpf~ t !5Pf 01D P̂f~ t !1Ĝpf~ t !, ~3!

P̂b~ t !1Ĝpb~ t !5Pb01D P̂b~ t !1Ĝpb~ t !, ~4!

N̂C~ t !

t r
1Ĝsp~ t !5

NC0

t r
1

DN̂C~ t !

t r
1Ĝsp~ t !, ~5!

F̂~ t !5F01DF̂~ t !5h
NC0

t r
1h

DN̂C~ t !

t r
1F̂~ t !. ~6!

We define a parametera0 (0<a0,1) as the ratio of dc BP
to FP rates,

a05Pb0 /Pf 05I b0 /I f 0 , ~7!

where I f 0 and I b0 are the average microscopic forward a
backward currents, respectively. The net average curren
given by I LED([I 0)5I f 02I b05e(Pf 02Pb0), and, hence,
the dc values~average values! of the FP and BP rates ar
expressed as

Pf 05
P0

12a0
, ~8!

ri-
ed
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Pb05
a0

12a0
P05

a0

12a0

NC0

t r
. ~9!

The small-amplitude fluctuationD P̂b(t) of the BP rate can
be naturally viewed as being proportional to the fluctuat
of the electron populationDN̂C(t) in the active region and
being independent of the junction voltage fluctuatio
DV̂j (t). Hence, we set

D P̂b~ t !5
ad

12ad

DN̂C~ t !

t r
, ~10!

wheread (0<ad,1) would be a function ofNC0. Simi-
larly, for a small shift of the dc bias point, one obtains,
using the same parameterad ,

DPb05
ad

12ad

DNC0

t r
. ~11!

The parameterad may be understood as a differential rat
of the BP to FP rates in the dc limit,

ad5
dPb0

dPf 0
5

dIb0

dI f 0
, ~12!
-

gle
n

,

because of the continuity of particle flow,

DPf 02DPb05
DNC0

t r
. ~13!

Energy relaxation times,te , for injected electrons with
excess energies are short,,100 psec, enough to accomplis
quickly the stationary Fermi-Dirac distribution of an electro
temperature,Te .28 Hence, the parametersa0 andad may be
written as functions of the electron populationNC0, electron
temperatureTe , andn-side barrier heightefn of the active
region shown in Fig. 1. Such short energy relaxation tim
may justify the independence of the differential ratioad on
the frequency over the entire range,f &100 MHz, in the
present work, allowing us the use of the same parametead
in Eqs. ~10! and ~11!. Note, however, that the differentia
ratio ad is, in general, not necessarily equal to the dc ra
a0.

The explicit expression for the spectral Fano factor of
photon number detected by a PD in the case of hi
impedance noise suppression can be easily obtained by
ing quantum-mechanical Langevin equations, as shown
Appendix A, and is given by
ction,
Fd~ f !512h

11
2~12ad!

12a0
~ad2a0!~2p f t te!

2

112ad~2p f t r !~2p f t te!1~12ad!2~2p f t r !
2~2p f t te!

21~2p f t r !
21~2p f t te!

2
, ~14!

where f is the frequency and the junction-response timet te is related to a0 and ad as t te5Cdepr d5CdepnkBT(1
2a0)/$eILED(12ad)%, within the framework of the thermionic FP and BP model, as will be derived in the next subse
Sec. IV B @see Eq.~23!#. Equation~14! leads to the squeezing bandwidth~3-dB rolloff bandwidth! f c ,

~2p f c!
25

1

2~12ad!2t r
2t te

2 F2H t r
21t te

2 12adt rt te2
4~12ad!

12a0
~ad2a0!t te

2 J
1AH t r

21t te
2 12adt rt te2

4~12ad!

12a0
~ad2a0!t te

2 J 2

14~12ad!2t r
2t te

2 G . ~15!
n be
cess
ic-

om-
er.

ed
In the case ofa05ad50, Eq. ~14! reduces to a form de
scribed by the product of two Lorentzians,

Fd~ f !512h
1

$11~2p f t te!
2%$11~2p f t r !

2%
, ~16!

and Eq.~15! reduces to

~2p f c!
25

1

2t r
2t te

2 $2~t r
21t te

2 !1At r
41t te

4 16t r
2t te

2 %.

~17!

On the other hand, in another extreme case ofa05ad→1,
Eq. ~14! reduces to a simpler form described by a sin
Lorentzian,
Fd~ f !512h
1

11$2p f ~t te1t r !%
2

, ~18!

and Eq.~15! leads to

f c5
1

2p~t te1t r !
, ~19!

which is nothing but Eq.~1!. In the former case,a05ad
50, the FP and recombination processes in a diode ca
viewed as being two cascade processes since no BP pro
exists at all. This case may be termed the thermion
emission limit. On the contrary, in the latter case,a05ad
→1, both the pump and recombination processes are c
pletely linked so that they are inseparable from each oth
This is the so-called macroscopic diffusion limit, discuss
in Ref. 22.
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Let us presume that the BP ratePb is a linear function of
the electron population,NC , i.e., ad5a05const. In Fig. 7,
the experimental result of the squeezing bandwidth,f c , is
compared with three theoretical curves estimated with
~15! by settingt te5CdepkBT/(eILED) and by using the dif-
ferent constant values 0, 0.5, and 1 ofa0 and ad and the
same values ofCdep andt r as in Fig. 6. With the increasing
pump currentI LED , the experimentalf c begins to deviate
from the theoretical curve labeleda05ad50 @Eq. ~17!# at
I LED54 mA, and eventually approaches the curve labe
a05ad→1 @Eq. ~19!#, suggesting that botha0 and ad are
no longer constant but increasing functions ofI LED . In other
words, the pump situation of our LED moves from th
thermionic-emission toward diffusion limits asI LED in-
creases.

Here, we briefly discuss the possible current depende
of the parametersa0 and ad in a heterojunction diode, in
comparison with a homojunction diode. In a homojuncti
diode, injected electrons may easily go back, causinga0
5ad→1, as discussed in Ref. 22. On the other hand, i
heterojunction diode as in the present diode, the BP pro
for injected electrons may be less significant than in the
mojunction diode since then-side potential barrierefn
formed by band-gap discontinuity of the heterojunction m
block the backward transport of injected electrons. Howev
the BP rate may be superlinearly increased by band-fil
and/or the hot carrier effect asI LED increases, as alread
pointed out in the early part of this subsection. The super
ear increase in the BP rate yields increasinga0 andad with
I LED , which will be, indeed, demonstrated in the next su
section.

B. Pump-current dependence ofa0 and ad

In order to determine, independent of the noise meas
ments, the dependence ofa0 and ad on the pump curren
I LED , we measured the current-versus-voltage (I -V) charac-
teristic and differential resistance of the LED used in t
noise measurements. With the definition ofa0, Eq. ~7!, if
both the electron FP and BP events take place through t

FIG. 7. Pump-current~-density! dependence of the observe
squeezing bandwidth compared with the theoretical curves inc
ing the effects of backward-pump~BP! process. The theoretica
curves for three different values ofa05ad50, 0.5, and 1 estimated
with Eq. ~15! by assumingt te5CdepkBT/(eILED) are indicated. The
values of junction capacitance and recombination lifetime used
the estimation are the same as in Fig. 6.
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mal emission over thep-n junction barrier as in heterojunc
tion LEDs at room temperature, the net average curr
I LED([I 0) of a sufficiently strong forward-biase
@eVj 0 /(nkBT)@1# LED may be written as, taking accoun
of the BP process,

I LED5I sH expS eVj 0

nkBTD @12a0~Vj 0!#21J
.I sH expS eVj 0

nkBTD @12a0~Vj 0!#J , ~20!

where I s , Vj 0, andn are the reverse saturation current, t
average junction voltage across then-type wide gap and
p-type active regions, and the ideality factor, respective
The factorn is slightly larger than unity, 1<n&1.2, in the
LEDs used in the present experiments. The deviation on
from unity may not only be due to recombination proces
in the depletion layer, but due to carrier transport throu
graded-gap heterojunctions as clarified in Appendix B. O
viously, the parametera0 as a function ofVj 0 is identical to
the one originally defined as functions ofNC0 andTe in the
preceding subsection. This is becauseNC0 and Te are
uniquely determined by the dc junction voltage,Vj 0, i.e.,a0
is an implicit function ofVj 0. Equation~20! gives the differ-
ential junction resistance of the diode,

r d j5
nkBT

eILED

12a0~Vj 0!

12ad~Vj 0!
5

nkBT

eILED

S 11

nkBT

e

da0~Vj 0!

dVj 0

12ad~Vj 0!
D ,

~21!

wheread(Vj 0) is defined as

ad~Vj 0!5a0~Vj 0!1
nkBT

e

da0~Vj 0!

dVj 0
. ~22!

The definition, Eq.~22!, for ad is easily confirmed to be
identical to Eq. ~12!, ad5dIb0 /dI f 05(dIb0 /dVj 0)(dVj 0 /
dI f 0), because of I f 05I s exp$eVj0 /(nkBT)% and I b0
5I sa0(Vj 0)exp$eVj0 /(nkBT)%. Equation ~21! leads to the
junction-response time,

t te5Cdepr d j5
CdepnkBT

eILED

12a0~Vj 0!

12ad~Vj 0!
. ~23!

Note that in the LED used in the present work,ad(Vj 0) is
larger thana0(Vj 0), sincea0(Vj 0) is an increasing function
of Vj 0, as will be demonstrated soon.

In an actual diode, we should take care about the in
ence of an internal series resistancer s , involved in the diode
~not Rs in the external circuit!, on theI -V characteristic. If a
voltage drop in the series resistancer s is taken into account,
Eq. ~20! is rewritten as a function ofVmeas2I LEDr s ,

I LED5I s expH e~Vmeas2I LEDr s!

nkBT J @12a0~Vmeas2I LEDr s!#,

~24!

where Vmeas is the measurable dc voltage applied betwe
terminals of the device. Thus, both ther s anda0 pull down
the values ofI LED from the simple exponential dependenc

d-

r



,
n

pr

e
e

ce

e,
r
-

e

e
nk

si
a

d
ce

th
th

t

ide
-
it

e
s
in

e
-

t
-
stiv-

s-

nal

is

g

s-
es.
line

tted

PRB 60 16 693INFLUENCE OF THE BACKWARD-PUMP PROCESS ON . . .
The measurable differential resistancer d,measis also affected
by the presence of the internal series resistance,r s , since we
can measure only the sum ofr d j and r s ,

r d,meas5r d j1r s5
nkBT

eILED

S 11

nkBT

e

da0~Vj 0!

dVj 0

12ad~Vj 0!
D 1r s .

~25!

Since the second term, representing the influence of BP
the parentheses on the right-hand side is positive, not o
the voltage drop in the series resistance but also the BP
cess bring about an increase inr d,meas. This point has not
always been recognized so far. Rather, the deviation ofI LED
from a simple exponential function ofVmeas and that of
r d,measfrom the 1/I LED dependence have been so far believ
to be mainly due to the voltage drop in a series resistanc
a diode.29

Equations~24! and ~25! indicate that it is not easy to
separate the effects of the BP process and series resistan
I -V and r d characteristics of the LED unless the value ofr s
is known. Fortunately, however, ther s value can be identi-
fied precisely in the following way. Equation~25! indicates
that the influence of the BP process onr d,measbecomes less
important at lower temperature. More importantly, thea0
andad themselves decrease with decreasing temperatur
will be demonstrated later. Therefore, at a low temperatu
T&70 K, r d,measin the high current regime would be gov
erned by the internal series resistancer s (r s@r d j). Figures
8~a! and 8~b! show the differential resistance of the diod
r d,meas, measured at two ambient temperatures@room tem-
perature~292 K! and low temperature (,61 K)#, as func-
tions of I LED . In the experiments, we carefully controlled th
device temperature by mounting the LED on a heat si
Indeed, with the luminescence spectra, the device~lattice!
temperature was confirmed to be unchanged with increa
I LED up to 20 mA. The differential resistance measured
low temperature,T&61 K, can be fitted by the dotte
straight line obtained with the differential junction resistan
for a05ad50, r d j ,05nkBT/(eILED) by using nT561 K
only in the very low current regimeI LED,0.1 mA. In other
words, the low temperaturer d,meas, obviously, deviates from
the straight line in the higher current regime. Rather,
measured differential resistance is perfectly fitted over
entire current range with the dotted curve estimated byr d j ,0
1r s with nT561 K andr s51.9 V. This convinces us tha
the internal series resistancer s is identified to be 1.9V at
the low temperature.

On the other hand, at room temperature, over the w
current range,I LED<1.0 mA, the measured differential re
sistance is closer to the solid straight line estimated w
r d j ,05nkBT/(eILED) by using T5292 K and n51.08,
rather than the solid curve,r dj,011.75 V, as shown in Fig.
8~a! and in more detail in Fig. 8~b! where ther s value,
1.75 V, was chosen tentatively to represent the experim
tal result at the highestI LED . This indicates that the serie
resistancer s at room temperature should be viewed as be
much lower than the differential junction resistancer d j ,0
5nkBT/(eILED) in the wider current range. In fact, th
room-temperature data up toI LED51 mA are better repre
sented by the dash-dotted curve estimated withr d j ,01r s by
in
ly
o-

d
of

on

as
e,

,

.

ng
t

e
e

r

h

n-

g

using T5292 K, n51.08, andr s50.4 V, indicating that
the series resistancer s at T5292 K is much lower than tha
(r s51.9 V) at nT561 K. This is quite consistent with ex
perimental results of the temperature dependence of resi
ity in p-Al xGa12xAs as follows.

Figure 9~a! shows the schematic diagram of the cros
sectional structure of the LED.25,31 The thick i-type layer of
300 mm is shaped hemispherically to prevent the inter
reflection of the ray emanating from thep-type active layer
of 0.5-mm thickness. The junction radius of this device
80 mm. Thep-type Al0.2Ga0.8As layer of 30-mm thickness

FIG. 8. ~a! Measured differential resistance of the light-emittin
diode~LED! as functions of pump current~density! at two different
ambient temperatures@room temperature~292 K! and low tempera-
ture (,61 K)#. ~b! Enlarged plots of measured differential resi
tance at 292 K for a detailed comparison with theoretical valu
The room-temperature data are compared with the solid straight
estimated withr d j ,05nkBT/(eILED) by using T5292 K and n
51.08 and the solid and dashed curves estimated withr d j ,01r s by
using T5292 K, n51.08, andr s51.75 V, and r s50.4 V, re-
spectively. The low-temperature data are compared with the do
line estimated withr d j ,05nkBT/(eILED) by usingnT561 K and
the dotted curve estimated withr d j ,01r s by usingnT561 K and
r s51.9 V.
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was doped (3 –5)31018 cm23, and the distance betwee
then- andp-side contact electrodes was designed to be ab
80 mm. Thus, the resistance for lateral current in thep-type
Al0.2Ga0.8As may dominate over the resultant series res
tancer s of the LED.25 The temperature dependence of t
hole concentration and mobility inp-type AlxGa12xAs with
various Al-mole fractionsx and doping levels has been e
tensively investigated in Ref. 30. According to their expe
mental results,30 the resistance in thep-doped @(3 –5)
31018 cm23# Al0.2Ga0.8As layer at room temperatur
would be smaller by a factor of 10 than that at 61 K. In th
view, the r s at 292 K can be convincingly evaluated to b
low, ;0.2 V, since the series resistance at the low tempe
ture is already identified to be 1.9V. As a cross check, we
estimated the internal series resistancer s based on a
cylindrical-electrode model for thep-type wide-band-gap
layer in the present LED illustrated in the inset of Fig. 9~b!.
The resistance between the inner and outer walls of the
inder is expressed as

r s5E
a

b

r
dr

2prt
5

r

2pt
ln

b

a
, ~26!

wherea, b, t, andr are the inside radius, the outside radiu
the thickness, and the resistivity of the material, respectiv
For the geometrical parameters of our LED,25,31 a580 mm
and b5120 mm, and the typical hole mobility30 at room
temperature,mp5100 cm2/V sec, we plotted in Fig. 9~b!
the estimated resistance as functions of thickness,t, of the
p-type layer of three different~possible! hole concentrations

FIG. 9. ~a! Schematic diagram of the cross-sectional structure
the p-n heterojunction light-emitting diode~LED!. ~b! Series resis-
tance of the LED estimated based on a cylindrical-electrode m
for three different hole concentrations~3, 4, and 631018 cm23) as
functions of thickness of the modeledp-type Al0.2Ga0.8As layer.
ut

-

-

a-

l-

,
y.

~3, 4, and 631018 cm23). The resistance 0.2–0.5V esti-
mated with a standard thickness 30mm of the p-type
layer,25 is reasonably close to the value evaluated earl
;0.4 V.

Now, let us step back to Figs. 8~a! and 8~b!. Presumably,
suppose that the observed differential resistance;3.0 V in
the highest current,I LED520 mA, at room temperature i
mainly attributable to a fixed series resistance, as conclu
in Ref. 25. At first sight, the assumption leads to a fittin
particularly in the high current regime,I LED>8 mA, be-
tween the experiment data and the theoretical solid cu
obtained with r d j ,01r s of T5292 K, n51.08, and r s

51.75 V, as shown in the figures. However, in addition
the discrepancy shown in Fig. 8~b!, the series-resistance (r s

51.75 V) model without the BP process brings us a failu
in the interpretation of the observed current dependenc
squeezing cutoff frequency since such a postulated inte
series resistance much lower than the external series r
tance,Rs52 K V, in the external circuit may not affect ap
preciably the noise characteristics of photon fluxes. In t
view, the conclusion on the internal series resistance mad
Ref. 25 is misleading.32 As a consequence, one has to lo
for a different circuit model, namely a parallel circuit mod
in which an unknown resistancer x is, in parallel, connected
to the resistance,r d j ,05nkBT/(eILED). In such a case, the
unknown resistancer x should benegative. Otherwise,r d,meas
is lower thannkBT/(eILED) unlike the experimental result
because the resultant conductance in the parallel circ
1/r d j ,011/r x , is higher than 1/r d j ,0 for a positiver x . Thus, it
turns out that thenegativedifferential resistancer x suggests
definitely the existence of the BP process.

Once ther s values are identified, one can easily obtain t
current-versus-junction-voltage (I -Vj 0) characteristics from
the measured current-versus-voltage (I –Vmeas) characteris-
tics shown in Fig. 10~a! by using the relationVj 05Vmeas
2r sI LED with r s50.4 V at T5292 K and r s51.9 V at
nT561 K. Figure 10~b! shows theI -Vj 0 characteristics at
two temperatures. The straight lines represent the theore
prediction, I LED5I s exp$eVj0 /(nkBT)%, without BP currents,
i.e., a0(Vj 0)50. Obviously, the experimental results forT
,61 K are fitted excellently by the dashed straight lin
obtained with nT561 K, over two-orders-of-magnitude
change inI LED , indicating that no BP process exists at all
such a low temperature. On the other hand, the results
292 K still show deviation from the solid straight line, ob
tained withT5292 K andn51.08. The discrepancy at 29
K, in turn, clearly manifests the existence of the BP proce

The dependence ofa0 on Vj 0 at room temperature can b
deduced with the results of theI –Vj 0 characteristic and dif-
ferential resistance by using Eqs.~20!–~22!, as follows. Re-
ferring to Fig. 10~b!, by assuminga050 in the low current
regime I LED<1 mA, consistent with the results of nois
measurements shown in Fig. 7, the ratio of the experime
value of I LED to the theoretical one,I LED}exp$eVj0 /(nkBT)%,
gives usa0(Vj 0), i.e., for instance,I 1 /I 2512a0(Vj 0). The
Vj 0 dependence ofad can be determined from the obtaine
Vj 0 dependence ofa0(Vj 0) through the use of Eq.~22! or by
use of the values ofa0 and r d j(5r d,meas2r s) in Eq. ~21!.
Figure 11 shows the obtainedI LED dependence ofa0 andad
at room temperature. The BP process begins to show u
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aboutI LED.1 mA andad is always larger thana0, as has
already been anticipated. Physics underlying the obtai
current dependence of the BP parameters,a0 andad , will be
discussed elsewhere33 based upon microscopic models su
as the hot electron effect and state filling in tailed states o
conduction band in the active alloy material, Al0.01Ga0.99As.

FIG. 10. ~a! Measured current-vs-voltage (I -Vmeas) characteris-
tics of the light-emitting diode~LED! at the same temperatures as
Fig. 8, which are compared withI LED5I s exp$eVj0 /(nkBT)% ~straight
lines! without BP currents. The device temperatures and idea
factors are used to be the same as in Fig. 8.~b! Current-vs-junction-
voltage (I -Vj 0) characteristics of the LED obtained fromI -Vmeas

characteristics by usingVj 05Vmeas2r sI LED . These are also com
pared with the same straight lines as in~a!.

FIG. 11. Pump-current~-density! dependence of the dc and di
ferential ratios of backward-~BP! to forward-pump~FP! rates,a0

andad , determined independently of noise measurements.
d

a

C. Bandwidth for the noise suppression

The experimental results of the squeezing bandwidth
be compared with our theory, Eq.~15!, by using the pump-
current dependence ofa0 andad , obtained in the preceding
subsection. Figure 12 shows the experimental result~closed
squares! of the pump-current dependence of the squeez
bandwidth at room temperature in comparison with theo
ical values~closed triangles! estimated by Eq.~15! together
with Eq. ~23! by using the same values ofCdep andt r as in
Figs. 6 and 7 as well asn51.08 andT5292 K and the
obtaineda0 andad again plotted in the figure. The exper
mental results are perfectly fitted over the whole range
pump current by the theoretical ones taking account of
increasinga0 and ad with increasing pump current. Th
agreement between the experimental and theoretical re
estimated witha0 andad deduced from dc measurements
I -V characteristic and differential resistance indicates t
the independence ofad on frequency, assumed in Sec. IV A
is justified. Furthermore, it should be stressed that our no
measurements have been done under a quite standard c
tion, namely a commercial LED operating at low curre
density (0.3–72 A/cm2) and at room temperature. In othe
words, the movement of the pump condition from thermion
emission (a05ad50) toward the diffusion limit (a05ad
→1) with increasing pump current would be commonly se
in heterojunction LEDs.

In order to visualize more clearly the existence of the
process and the difference in the squeezing bandwidth
tween the thermionic emission and diffusion limits, the fo
lowing experiment at room temperature has been carried
The difference becomes most sizable when the time c
stants of pump and recombination dynamics are compara
namely atI LED51 –3 mA in the case of Fig. 7 or Fig. 12
The parallel capacitancesCp have been connected to th
LED driven at two different pump currents,I LED
53.2 mA (a050.06 and ad50.16) and 12.0 mA (a0
50.37 andad50.60), to artificially change the junction
response time of the LED, defined asteff,05nkBT(Cdep

y

FIG. 12. Pump-current~-density! dependence of squeezin
bandwidth ~squares! compared with theoretical values~triangles!
estimated with Eq.~15! together with Eq.~23! by using the pump-
current dependence ofa0 andad shown in Fig. 11. In the estima
tion, the junction capacitance and recombination lifetime are u
to be the same as in Figs. 6 and 7. The values fora0 andad are also
shown.
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1Cp)/(eILED). Thus, the dependence of the squeezing ba
width at the fixed bias points~the fixed BP rates, i.e., th
fixed a parameters! on teff,0 can be investigated. Figure 1
shows the experimental squeezing bandwidth plotted
functions of 1/teff,0 estimated by usingT5292 K, n
51.08, andCdep570 pF, and the open circle and square
the figure represent the squeezing bandwidths in the cas
Cp50. The experimental results are compared with four t
oretical curves as functions of 1/teff,0 which are estimated by
Eq. ~17! ~thermionic-emission limit,a05ad50), Eq. ~19!
~diffusion limit, a05ad→1), and Eq.~15! with a0 andad

values at each bias point, all witht r52.6 ns. Also, in the
equations the junction-response timet te originally given by
Eq. ~23! is replaced by the effective value,t te,para

5nkBT(Cdep1Cp)(12a0)/$eILED(12ad)%. The experi-
mental squeezing bandwidth decreases with the increa
parallel capacitance, namely increasingteff,0 . The squeezing
bandwidth at each pump current is well fitted by the cor
sponding theoretical solid curves estimated witha0 andad

at each bias point. Especially, as far as the squeezing b
width is concerned, the LED driven atI LED53.2 mA be-
haves as if in the thermionic-emission limit whereas the L
driven atI LED512.0 mA behaves as if in the diffusion limi
Furthermore, the agreement between the theoretical and
perimental results indicates that the internal series resist
of the LED is very low at room temperature,r s!r d j . Oth-
erwise, the experimental results plotted against 1/teff,0 ,
which is defined under the assumption that the capacita
Cp is connected in parallel directly to thep-n heterojunction,
would never be fitted by the theoretical curves. Thus,
internal series resistancer s at room temperature is convinc

FIG. 13. Experimental squeezing bandwidth, controlled by
parallel connection of external capacitances,Cp , to the light-
emitting diode~LED! driven at two different pump currents (I LED

53.2 mA and 12.0 mA! plotted as functions of the inverse o
junction-response time, 1/teff,05eILED /$nkBT(Cdep1Cp)%. teff,0 is
obtained by usingT5292 K, n51.08, andCdep570 pF. The
open circle and square represent the squeezing bandwidths at
pump current in the case ofCp50. The experimental results ar
compared with four theoretical curves. On the estimation pro
dures of the theoretical curves, see the text.
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ingly concluded to be much lower than the differential jun
tion resistance,r d j53.6 V, even at the high currentI LED
512.0 mA.

V. CONCLUSIONS

In this work, we have investigated experimentally a
theoretically the bandwidth for the squeezing of photo
number fluctuations in constant-current-driven heteroju
tion LEDs operating at room temperature, focusing on
driving-current dependence of the bandwidth. The exp
ments using high-performance~high-speed, highly efficient!
Al xGa12xAs LEDs carried out with careful measuremen
have led to the observation of apparent squeezing up to
MHz and allowed us a precise quantitative comparison w
the theory.

In low and high injection current regimes, the squeez
bandwidths have been explained well to be limited by
response time of thep-n junction and the recombination life
time in the active region, respectively, as already pointed
in previous work. However, it has been found in the pres
work that, in the intermediate current region, previous the
including the FP and BP processes in the diffusion lim
originally developed for homojunction LEDs, fails to inte
pret the experimental results. We have proposed a theore
model, generally applicable to heterojunction LEDs, whe
the dc and ac ratios of the BP to FP rates are included
parametersa0 andad . It has been revealed that changes
the pump situation are included in a quite natural manne
the expression for the squeezing bandwidth, and as a co
quence that the transition of the situation from thermio
emission to diffusion limits associated with the changes
a0 andad appears as the change of the bandwidth. Thea0
andad values have been determined by the measuremen
current-versus-voltage characteristic and the differential
sistance of the LED, and demonstrated to increase with
pump current. By the uses of these obtaineda0 andad val-
ues, the experimental results of injection-current depende
of the squeezing bandwidth have been represented quite
cellently, over the whole range of the injection current us
in the noise measurements. In particular, the experime
results of the squeezing bandwidth obtained with slow
down of the junction-response speed by the parallel conn
tion of external capacitances have very clearly supported
present model. Hence, we conclude that the BP process p
an essentially important role in the photon-number squeez
in heterojunction LEDs and the pump-current dependenc
the squeezing bandwidth manifests the transition of car
transport across thep-n heterojunction, from thermionic
emission to diffusion limits. The present experiments carr
out with commercially available LEDs under a very standa
operating condition have indicated the general importanc
the BP process in heterojunction LEDs and demonstra
that careful noise measurements reveal the transition of
pump situation prominently, and, in turn, give insights in
general device characteristics of LEDs such as dynamic
sponse for external current modulation.

In this paper, the discussion has been mainly focused
the microscopic carrier injection process. However, the e
tron recombination process as well as the pump process
certainly affect the photon-number squeezing in semicond

e

ach
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tor light emitters. The squeezing bandwidth in the relativ
high pump-current regime is limited by the radiative reco
bination dynamics in the active region. Namely, the short
ing of the radiative lifetime may lead to the wider-ban
squeezing in a LED. In fact, by adopting the modulatio
doping scheme to the active region as a technical way
shorten the radiative lifetime, we very recently have dem
strated the photon-number squeezing over 300 MHz i
LED driven at room temperature,34 rather close to the band
width observed with LDs.2,4
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APPENDIX A: EXPRESSION FOR THE PHOTON NOISE
POWER SPECTRAL DENSITY OF AN LED DRIVEN

BY A CONSTANT-CURRENT SOURCE

In this appendix, we derive the expression for noise pow
spectral density of the photon-number fluctuations on
basis of quantum-mechanical Langevin equations includ
the effects of the BP process.

A junction voltage change in the LED induced by the F
and BP events is represented, using Eqs.~3! and ~4!, by

2E e@ P̂f~ t !1Ĝpf~ t !2 P̂b~ t !2Ĝpb~ t !#

Cdep
dt

52E e~Pf 02Pb0!

Cdep
dt

2E e@D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !#

Cdep
dt, ~A1!

and the voltage change is recovered by continuous char

due to the external constant currentÎ (t)5I 0, with a constant
rate,

I ~ t !

Cdep
5

I 0

Cdep
. ~A2!

Hence, the net voltage fluctuation is expressed as

DV̂j52E e@D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !#

Cdep
dt,

~A3!

where we used

e~Pf 02Pb0!

Cdep
5

I 0

Cdep
. ~A4!

This voltage fluctuation causes the small-amplitude fluct

tion D P̂f(t) in the FP rate,
y
-
-

-
to
-
a

e
l
i-

r
e
g

ng

-

D P̂f~ t !5Pf 0expS eDV̂j

nkBT
D 2Pf 0 ~A5!

in the case of thermionic FP process, wheren is the ideality
factor. Linearization of Eq.~A5! leads to the quantum
mechanical Langevin equation for the FP rate fluctuation

D P̂f~ t !.2
1

t tef
E @D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !#dt,

~A6!

or

dD P̂f~ t !

dt
.2

1

t tef
@D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !#,

~A7!

where the thermionic-emission time for the FP process,t tef ,
is defined as

t tef5
nkBT

eIf 0
Cdep5~12a0!

nkBT

eI0
5~12ad!t te. ~A8!

In the derivation of the last relation in Eq.~A8!, Eq. ~23! in
Sec. IV B was used. Fourier transformation of Eq.~A6! @or
Eq. ~A7!# leads to

D P̃f1G̃pf5
D P̃b1 iVt tefG̃pf1G̃pb

11 iVt tef
, ~A9!

whereV52p f is the angular frequency. The Fourier com

ponent of the small-amplitude fluctuationD P̂b(t) of the BP
rate operator, given by Eq.~10!, leads to

D P̃b1G̃pb5
ad

12ad

DÑC

t r
1G̃pb. ~A10!

On the other hand, the quantum-mechanical Lange

equation for electron population operatorN̂C(t) in the active
region is given by

dN̂C~ t !

dt
5Pf 02Pb01D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !

2
N̂C~ t !

t r
2Ĝsp~ t !, ~A11!

whereĜsp(t) is the noise source operator associated with
spontaneous-emission process. Using Eq.~5! and Pf 02Pb0
5NC0 /t r in Eq. ~A11!, one obtains

dDN̂C~ t !

dt
5D P̂f~ t !2D P̂b~ t !1Ĝpf~ t !2Ĝpb~ t !2

DN̂C~ t !

t r

2Ĝsp~ t !. ~A12!

Fourier transformation of Eq.~A12! together with the uses o
Eqs.~A9! and ~A10! leads to
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DÑC5

H iVt tef

11 iVt tef
~ G̃pf2G̃pb!2G̃spJ t r

11 iVt r1
ad

12ad

iVt tef

11 iVt tef

. ~A13!

The quantum-mechanical Langevin equation for the p

ton flux operatorF̂(t) detected by a PD is given by

F̂~ t !5h
N̂C~ t !

t r
1F̂~ t !5h

NC0

t r
1h

DN̂C~ t !

t r
1F̂~ t !,

~A14!

whereF̂(t) is the noise source operator associated with p
ton emissions detected by the PD. Here, we assume tha
photon damping rateg is infinite, which is justified in the
usual LED cases. Thus, the noise power spectrum of ou
~detected! photon fluxes can be expressed as

2^DF̃†DF̃&52K S h
DÑC

†

t r
r1F̃†D S h

DÑC

t r
1F̃ D L

5
2h2

t r
2 ^DÑC

† DÑC&1
2h

t r
^DÑC

† F̃&

1
2h

t r
^F̃†DÑC&12^F̃†F̃&, ~A15!
e
g
-

a

of
e

is
-

-
the

ut

where the angular brackets^ & stand for the bath averages o
quantum-mechanical expectation values. The Markoffi
correlation functions of various noise sources are obtain
by starting with the generalized Einstein~drift-diffusion!
relations,35 as

^G̃pf
†G̃pf&5

1

12a0
P0 , ~A16!

^G̃pb
†G̃pb&5

a0

12a0
P0 , ~A17!

^G̃sp
†G̃sp&5

NC0

t r
, ~A18!

^F̃†F̃&5h
NC0

t r
, ~A19!

^G̃sp
† F̃&5^F̃†G̃sp&5h

NC0

t r
. ~A20!

The bath averages of all other cross-correlation functions
zero. Hence, one can obtain the spectral Fano factor for
constant-current-driven LED including the effect of the B
process by using Eqs.~A13! and ~A15!–~A20!,
Fd~ f !5
2^DF̃†DF̃&

2hP0
512h

11
2~12ad!

12a0
~ad2a0!~2p f t te!

2

112ad~2p f t r !~2p f t te!1~12ad!2~2p f t r !
2~2p f t te!

21~2p f t r !
21~2p f t te!

2
,

~A21!
and
er

d-

het-

nted
wheref is the frequency. This is Eq.~14! in Sec. IV A.

APPENDIX B: THE IDEALITY FACTOR
IN THE CURRENT-VOLTAGE CHARACTERISTIC

OF A GRADED-GAP HETEROJUNCTION LED

We discuss the ideality factorn, appearing in Eq.~20!, in
the graded-gap AlxGa12xAs heterojunction LED used in th
present work in this appendix. Figure 14 shows the ener
band diagram of ap-n heterojunction with a band-gap grad
ing, where the boundary between thep-type active region
andn-type wide-band-gap regions is positioned atz50. The
graded-gap region may be formed due to so-called melt-b
process in a temperature-gradient liquid phase epitaxy~LPE!
by which the present LED was prepared.25 When the doping
concentration of thep-type layers is much higher than that
the n-type layer,Na@Nd as in the present LED, the averag
forward-current densityJf 0 of a strongly forward-biased
LED within the framework of the thermionic FP model
given by

Jf 05JA expH 2e@VBn2Vj 02D~Vj 0!#

kBT J , ~B1!
y-

ck

whereJA is the constant,VBn the built-in voltage in the case
of an abrupt-gap junction as shown by the dashed line,
D(Vj 0) the lowering of peak energy of the potential barri
induced by the band-gap grading in thep-n junction. Linear-
ization of the variation ofD(Vj 0) with respect to the junction
voltage changeVj 02Vj 0

(0) leads to D(Vj 0)5D02d(Vj 0

2Vj 0
(0)), and then the effective built-in voltage in the grade

gap junction is given byVBn2D0, whereD0 is the peak-
potential difference between the abrupt- and graded-gap
erojunctions at the specific bias voltageVj 0

(0). As a result, Eq.
~B1! can be written as

Jf 05JsexpH eVj 0~12d!

kBT
J , ~B2!

whereJs5JA exp$2e(VBn2D02dVj0
(0))/(kBT)%. Thus, the ide-

ality factor n in Eq. ~20! is given by 1/(12d).
From the Poisson’s equation, the potentialec(z) for an

electron in the graded-gap heterojunction can be represe
to be, for 0<z<ddep,
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ec~z!5
e2Nd

«0« r
S 1

2
z22zddepD 1

DEC

2
H 11tanhS z

l g
D J ,

~B3!

where«0 is the vacuum permittivity,« r the relative permit-
tivity, ddep5A2«0« r(VBn2Vj 0)/(eNd) the depletion layer
width for the one-sided step junction (Na@Nd), DEC$1
1tanh(z/lg)%/2 the position-dependent conduction-band off
between then-type and active regions,36 and l g the grading
width of the heterojunction. The conduction-band offs
DEC in the AlxGa12xAs system at room temperature is d
termined by the well-known Al-mole fractionx dependence
of the band gap,Eg51.42411.247x eV,37 and 70:30 rule for
the ratio of conduction to valence-band offsets.38 The electric
charge,eNd , due to ionized donors may be canceled p
tially by electron charges around the edge of the deple
layer z;ddep, thus Eqs.~B1!–~B3! can be used only unde
the condition that the barrier height of the forward-bias
graded-gap heterojunction is much higher than the ther
energy, i.e.,VBn2Vj 02D(Vj 0)@kBT/e. This condition is
equivalent to one that the depletion layer widthddep is much
wider than the Debye length,LD5AkBT«0« r /(e2ne), within
which the Coulomb potential of ionized donors is screen
by free electrons in then-type region, wherene(;Nd) is the
electron density in then-type region.

The potentialec(z) is maximized at the position,zp ,
given by

S e2Nd

«0« r
D zp1S DEC

2l g
D sech2~zp / l g!5S e2Nd

«0« r
D ddep, ~B4!

allowing us the computation of junction-voltage depende
of the potential loweringD. Figure 15 shows the compute
junction-voltage dependence ofD at room temperature fo
the graded-gapn(Al0.2Ga0.8As)-p(Al0.01Ga0.99As) hetero-

FIG. 14. Energy band diagram of an AlxGa12xAs p-n hetero-
junction with band-gap gradings~shown by solid lines! or without
band-gap gradings~by dashed lines!.
t

t

-
n

d
al

d

e

junction with the grading widthl g518 Å ~Ref. 39! and the
donor doping densityNd5131017 cm23 obtained withC-V
measurements, which is much lower than the acceptor d
ing density,Na;1018 cm23 in the active region.25 The peak
potential differenceD changes almost linearly with the junc
tion voltage (Vj 051.35–1.5 V) used in the noise measur
ments. As a result, the ideality factorn51.06 obtained from
the slope of dashed line forVj 0

(0)51.43 V shown in Fig. 15
is very close to that,n51.08, determined byI -V character-
istic or differential resistance measurements at room te
perature. It should be noted that the deviation of compu
D(Vj 0) from the dotted straight line in Fig. 15 is too sma
~for instance, 0.5 meV atVj 051.48 V!kBT;25 meV) to
count the deviation from the straight line in the curren
versus-junction-voltage characteristic atT5292 K shown in
Fig. 10~b!.

The barrier height for electrons@VBn2Vj 02D(Vj 0)# in
the p-n junction under the driving conditions (Vj 0
51.35–1.5 V) of the LED in noise measurements is e
mated to be 220–79 meV, which is much higher th
kBT/e.25 meV. The n-side barrier height@efn.DEC
2D(Vj 0)# in the active region is obtained to be 136–1
meV so that electrons in the active region with energ
higher than then-side barrier height due to the hot carri
effect and/or band filling can go back to then-type wide-
band-gap region and, thus, BP currentJb0 can flow. How-
ever, since the p-side barrier height (;DEC1DEV
.237 meV, whereDEV is the valence-band offset in th
p-p junction! for injected electrons is unaffected by the e
istence of grading in thep-p junction, the p-side barrier
height is always higher than then-side one,DEC1DEV
.efn . Thus, thermal emission of electrons to thep-type
wide-band-gap region may not take place. This is a prim
reason why the quantum efficiency of the present LED
maintained to be high despite the existence of a signific
BP process.

FIG. 15. Junction-voltage dependence of the computed lowe
of barrier height, D, for the graded-gap n(Al0.2Ga0.8As)
-p(Al0.01Ga0.99As) heterojunction with the grading widthl g

518 Å and the donor doping densityNd5131017 cm23, which
is much lower than the acceptor doping densityNa;1018 cm23 in
the active region.
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