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Physical mechanisms which limit the squeezing bandwidth in a heterojunction light-emitting (di6B¢
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-pu(B®) 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 curr¢80163-182@09)09247-4

[. INTRODUCTION the current shot noise of a resistor in source circuit can be
suppressed by inelastic electron scatteriigs’ However,
Generation of nonclassical lights, such as photon-numbethe suppression of current noise does not necessarily guaran-
squeezed states and quadrature-phase squeezed states, igex-the suppression of shot noise in output photon fluxes in
pected to conquer the difficulties due to the standard quarsemiconductor light emitters, since the dynamics of pump
tum limit (SQL) of classical(coherentlights, in a variety of and recombination processes could also affect the
applications ranging from optical communications to biologysqueezing:?>*! Recently, Kimet al. have analyzed the in-
where the capacity of light to carry information is limited by fluence of carrier flo{pump processacross the depletion
photon-number fluctuations. A photon-number squeezethyer of ap-n junction on the squeezing of output photon-
state, having photon-number uncertainiyy smaller than number fluctuation$’ They took account of both micro-
that of coherent light$the square root of the average num- scopic stochastic forwardd-P) and backward-pumgBP)
ber, \ny of Poissonian distribution is termed a sub- events on the basis of a macroscopic diffusion model for the
Poissonian photon state. Among a variety of schemes, direcarrier transport in @-n homojunction, and obtained an ana-
generation of sub-Poissonian photon fluxes from semiconlytical expression for the squeezing bandwidth in terms of
ductor light emitters has been attracting much attention sincthe time constants of pump and recombination processes. On
the first theoretical predictidrand successive experimental the other hand, prior to the diffusion model, a thermionic-
works?® because of the simplicity of experimental arrange-emission model has been proposed by Imameyg al. for a
ment, the low-energy consumption, the possibility of a largeheterop-n junction LED, where they ignored the BP pro-
degree of noise suppression, and the compatibility to moderoess, and analyzed the squeezing bandwidth governed by the
communication systems. So far, the reduction of photonforward thermionic-emission process under the assumption
number noise below the SQL level has been observed usirfpat the recombination events take place immediately after
semiconductor laser diodésDs) (Refs. 2 and %or light-  the electron pump eventd3?* Recently, we have demon-
emitting diodes(LEDs) (Refs. 3 and 5—10driven by high-  strated the squeezing over a wide frequency range reaching
impedance constant-current sources and series coupled LER80 MHz at room temperature using commercially available
driven by constant-voltage sources? The quantum corre- high-performancéhigh-speed and high-quantum-efficiehcy
lated twin beams have been predidfeend observed with heterojunction LEDS? The widest 3-dB squeezing band-
coupled LEDs(Refs. 11, 12, and 24and LDs'® In an engi-  width of ~60 MHz obtained at high injection currents is
neering view, such as device uses in few photon directbasically limited by the recombination dynamics of elec-
detection optical communication systems, the LEDtrons, while the bandwidth at the low injection current re-
(spontaneous-emissipbmode operation is of crucial impor- gime is done by the time constant of “macroscopic Coulomb
tance since LEDs can have higher quantum efficiencies dtlockade’®® for the pump process. However, the observed
very low current regime, and as a result, weak sub-current dependence of the bandwidth in the intermediate cur-
Poissonian fluxes can be generated with LEDs even at pument regime can be fitted by neither the diffusionor ther-
rates far below the threshold for the onset of lasihg. mionic modef*
In the case of constant-current driving of an LED or LD, In addition to the high impedance noise suppression, a
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new scheme termed the quantum-confined Stark effect P (0(FP)
(QCSB blockadé® has been proposed, which allows us the SR
direct regulation of emission events and, as a result, in which »()(BP)
the high-impedance circuit is not necessarily required for the D
squeezing. Such a new understanding of the emission pro- —/\Enﬁ,
cess may open up a new opportunity in future applications of >
sub-Poissonian photon states. ST p
In the present work, we study in detail physical mecha- D
nisms which limit the squeezing bandwidth in the hetero- Vi
junction LED driven by a constant-current source at room n L. Fermi Level for Holes

temperature. It is shown that in the LED operating in the
intermediate current regime, the BP rate relative to the FP
rate increases substantially as the injection current increases,
and the experimental results of the squeezing bandwidth can

.be .EXplamed na unified manner over a WhOIe.range of in- FIG. 1. Typical energy-band diagram under the forward-bias
jection Currents_ln te_rms of our model pr_oposed In thls PaAPeIeondition of a commerciab-n heterojunction light-emitting diode
In Sec. Il, we will bnefly review the previous pred[ct|ons for (LED). Band-gap gradings at the interfaces betweemitype wide
the squeezing pandW|dth in constant-current-driven LED_Sgap and active regions and between the activepatype wide gap
Then, our experimental results of photon-number squeezinggions are taken into accouffior a detailed discussion on potential
obtained with the high-speed heterojunction LED driven by &yofiles in a graded-gap junction diode, see Appendix B
constant-current source will be presented in Sec. lll. In Sec.
IVA, we will present our theory, which, without the assump- js the junction capacitance2*Namely, the regulation band-
tion of any _specmc models for the BP process, includes pheyigih for the pump process is given by 142,.). This regu-
nomenological parameters to represent the influence of thgtion mechanism is sometimes termed “macroscopic Cou-
BP process, and in Sec. IV B the experimental procedures ®mb blockade” or “collective Coulomb blockade®™2-24|t
determine the parameters will be shown. Then in Sec. IV Cig jhteresting to note that the inequality to realize the source-
we Wlll_show that the expen_mental resqlts of the squeezing,yise suppression, kaT/R.<2el, sp, is equivalent to the
bade|dth are successfully mtgrpreted in terms of our theoéondition, namelyR.> differential resistance of LEDI,
retical model. In Sec. V, we will give some conclusions. ~KgT/(el_gp), under which the junction voltage can fluctu-
ate freely and the pump current is kept constant despite the
junction voltage fluctuations. In addition to the normal injec-
tion of electrons(FP) considered above, the reverse current
flow, i.e., the backward transport of conduction electrons
Here, we briefly review theoretical models proposed sdrom the p-type active to then-type wide-band-gap regions
far for the interpretation of physics behind sub-Poissoniar{BP), may exist on a microscopic level. THaet average
photon generation in LEDs driven by high-impedancecurrent is given by the difference between the FP and BP
constant-current sources. The current source noise describestes. In the noise analysis, each process has to be treated
by Johnson-Nyquist noise in a resist®t,, can be much separately. The way to treat the BP process has not yet been
weaker than the full shot noise of a current flow, i.e.,well-established and is a key issue of the present work.
4kgT/IR<2elgp If Rg is sufficiently high, where Another random point process is involved in the radiative
kg, T, e, andl gp are the Boltzmann constant, the device recombination process of injected carriers. Spontaneous de-
temperature, the elementary charge, and the dc pump currecaly of the excited electrons has a shot-noise character be-
of an LED, respectively. However, “quiet electron flows” cause vacuum-field fluctuatiof¥FFs) trigger spontaneous
created by high-impedance constant-current sources do netnissions. However, the free fluctuations of the electron
necessarily lead to the generation of “quiet photonpopulationN¢ in the active region induced by the random
flows.”1?° Figure 1 shows the energy band diagram of aemission events bring us an internal negative feedback for
heterop-n junction LED. The conduction electrons have to the emission events. Namely, the fluctuations of the photon
be supplied to ap-doped active region from an-doped emission rate associated with the population fluctuations can-
wide-band-gap region across the potential barrier by thermieel the shot noise originally involved in the photon emission
onic emission, diffusion, or tunneling processes. Such amprocess, as far as the measurement time window is wider
electron transport process is a completely random fetot  than the recombination lifetime of the carriers, the time
chastig one on a microscopic level as it is caused by therequired for an appreciable change in the electron popula-
collision of electrons with phonons. Hence, “quiet electrontion. Thus, the bandwidth for the regulation of the emission
flows” are disturbed, and the extra noise would be added t@rocess due to the fluctuations of electron population is given
the carrier injection process. Fortunately, however, the madsy 1/(277,).
roscopic pump rate is regulated even in the conventional It may be naturally predicted that the squeezing band-
macrosize LEDs or LDs through a negative feedback mechawidth of photon-number fluctuations is characterized by both
nism owing to the junction voltage fluctuations induced bythe characteristic time constants of the pump and recombina-
the resultant effects of many pump events, if the time win-tion dynamics. In fact, adopting the macroscopic diffusion
dow (measurement timeAt is much wider than the model to an LED, Kimet al?? have obtained an expression
thermionic-emission time=KkgT Cyep/ (€l gp), WhereCqye,  for the squeezing bandwidi3-dB rolloff bandwidth f. as

II. BRIEF REVIEW OF THE THEORY
OF SQUEEZING BANDWIDTH
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FIG. 3. Typical traces of spectral photocurrent noise detected by
the photodiodgPD). Bottom traceA is the background noise ob-
tained without illumination for the PD, top tradkis the photocur-
rent noise obtained with the PD coupled weakly to a light-emitting
diode(LED), and middle trac€ is the photocurrent noise obtained

Voltage-
Source LED

with the test LED driven with a constant-current source. The data
= = were obtained with a resolution bandwidth of 10 KHz, a video

bandwidth of 30 Hz, and a sweep time of 10.24 s.
FIG. 2. Schematic diagram of the experimental arrangement.

For the measurement of sub-Poissonian photon state, the ligh
emitting diode(LED) was coupled tightly to the photodiodED).

On the other hand, in order to calibrate the full shot-ngBE8N)
level, another LED was coupled weakly to the PD.

Sub-Poissonian photon states, the LED was placed just in
front of the PD to yield a high current-to-current conversion
efficiency (photodetector current)y/LED-pump-current,

I ep), 7~20% at room temperaturd. The output current
flow in the PD was converted to a voltage signal through a

fo= ! = L ) (1) load resistor Rpp=330 (1). Then, the noise signal was am-
27(Tet 1) kBTCdep+ plified by an ultralow noise preamplifigNF SA-220F5 and
el ep Tt was finally fed to a spectrum analyzéiP HP4396A. The

) . high-frequency characteristic of the detection system was

Some experimental results have been fitted rather well bbrimarily limited by that of the RC low-pass circuit formed
Eq. (1).°° However, it is questionable whether the macro-y the capacitance of the PD, the input capacitance of the
scopic diffusion model is applicable generally to heterojunc-preamp"ﬁer, and the load resistor.
tion LEDs, since the BP rate is to strongly depend on the Tg determine experimentally the full shot-noi¢eSN)
band-gap discontinuities in the heterostructure devices. Ingyg| (reference leve) the PD was illuminated by another
deed, our experimental results cannot be interpreted in termsep (HE8812SG located far away from the PD to reduce
of the theoretical curve estimated with E(q.gz1 as will be  the coupling efficiencyz<1%.° We can compare directly
shown later. On the other hand, Imarhogt al.™ focused on  the measured FSN level with the theoretical predictiefyg
another extreme case where carrier injection into the activg, the low-frequency rangef<1 MHz, where the circuit
region is caused only by the thermioni¢erward) emission  \pjtage gain of the detection system is identified to be a
process in a heterojunction LED. Under the assumption thatertain value, 200. Figure 3 shows typical traces of the noise
the injected carriers recombine instantaneously, they showgdyels on the spectrum analyzer focused on the low-
that the squeezing bandwidth is given byfc  frequency regimé<1 MHz. TraceA obtained without il-
=€l ep/(27mkgT Cye . However, such assumption may not |ymination for the PD is the background noise level consist-
again be valid for our LED where the BP process takes placgg of thermal noise of the load resistor and amplifier noise,
more or less particularly at room temperature. traceB obtained by illuminating the PD in the low coupling
arrangement represents the sum of FSN level and back-
ground noise level, and trac@ obtained by driving the test
LED adjacent to the PD does the sum of sub-Poissonian
photon noise level and background noise level. The experi-

A schematic diagram of the experimental arrangement fomental value of the FSN levélraceB minus traceA) at the
room-temperature measurements is shown in Fig. 2. A highfrequency range 50 KHzf<1 MHz was confirmed to be
speed AlGa _,As LED (Hitachi HE8812S@ whose emit- in very good agreement with the theoretical onelz,
ting surface is shaped hemispherically to give rise to awithin a very small error of-0.2%. The normalized spectral
high external quantum efficienéy, has a double hetero- noise power density of sub-Poissonian photon fluxes is
junction (DH) structure, n-Alg . Ga gAs/0.5.um-thick  evaluated from these traces as trace C
p-Al g 01Gay 9dAS/p-Al g Gy gAs and an emission spectrum, —trace A)/(trace B—trace A). The obtained normal-
A~860 nm, peaking in the high sensitivity wavelengthized spectral density is equal to the spectral Fano factor de-
range of a high quantum efficiency silicgri-n photodiode fined as the ratio of spectral noise power density to dc quan-
(PD) (Hamamatsu S6040The LED was connected to a tity, (8lpp/€)?/(Ipp/€), because of §lpp/e)?=1pple for
voltage sourcéa dry cell batterythrough a metal-film resis- the shot-noise case, wherelfp)? is the spectral noise
tor Rs<=2 K, much higher than the differential resistance power per unit frequency band in the detector current. Since
rq of the LED (Rg>ry), i.e., the LED was driven by a high- the circuit geometry of the detection system is fixed in these
impedance constant-current source. For the measurement wieasurements, we can obtain the Fano factor over a wide

Ill. NOISE MEASUREMENTS

A. Experimental arrangement
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FIG. 4. Spectral Fano factor of output photon fluxes over a
wider frequency range obtained with a high-speed light-emitting
diode (LED) (Hitachi HE8812S@ driven by a constant-current "y
(13.18 mA source at room temperature. The data were obtained 0.8
with a resolution bandwidth of 1 MHz, a video bandwidth of 3 : High Current Regime
KHz, and a sweep time of 5.12 s. For a comparison with the ex- R R N
perimental result, the theoretical curve estimated with(Exjis also Frequency [MHz]
indicated. The values of overall quantum efficiency and recombina- : ®
tion lifetime are used, in the estimation, to he=0.17 andr,
=2.6 ns, respectively.

Fano Factor

FIG. 5. Spectral Fano factors of output photon fluxes from the
same light-emitting diodéLED) as in Fig. 4 obtained with four

frequency range without corrections associated with the fre(—j'ﬁerent pump currenti@) 0.23 mA and 0.91 mA antb) 2.26 mA

uency characteristic of the detection circuit as far as tha o L>:18 MA The data for gp=0.23 mA were obtained with a
q. . y L S . ?esolution bandwidth of 300 KHz, a video bandwidth of 1 KHz, and
circuit gain is high enough to discriminate the_S|gnaI on thea sweep time of 5.12 s, and the data for the other currents were
spectrum analyzer from the background noise level. They . i o with the same condition as in Fig. 4.
whole measurement system was installed inside a shield

room. . . Lo
the maximum suppression at the low-frequency limit, is ob-

served to be~60 MHz in this specific case, which is the
widest ever reported with LEDs. This bandwidth for the
Figure 4 shows the spectral Fano factor of detected phaioise suppression is very close to 3-dB bandwidth of optical
tons, F4(f), for a LED-pump current of 13.18 mA and a output for external current modulation of the same type LED
guantum efficiency ofy=18.16%, demonstrating a substan- as ours, reported in Ref. 25.
tial noise suppression below the FSN level over a wide fre- Figures %a) and 3b) show the spectral Fano factors of
quency range from near dc to 100 MizIn this relatively ~ photon number detected by the PD for four different LED-
high current regime, thermionic response time of phie pump currents(0.23 mA, 0.91 mA, 2.26 mA, and 13.18
junction is much shorter than the recombination lifetime inmA). In the low current regimgFig. 5a)], the squeezing
the active layer, 7,=2.6 n$> 7=KgT Cgyep/(€l ep) bandwidth is obviously expanded with the increase of pump
=0.14 ns withCg4e,=70 pF, and the squeezing bandwidth current, whereas in the high current regififég. 5(b)] the
is primarily limited by the recombination dynamics. By fit- squeezing bandwidth is almost unchanged. In the next sub-
ting of the experimental result with the theoretical curve forsection, the pump-current dependence of the squeezing band-
such a casé&® width will be demonstrated to investigate the squeezing
mechanism of photon-number fluctuations in the heterojunc-
(2mfr)? tion LED.

— 2
1+(2nfr)? @

B. Wide-band squeezing of photon-number fluctuations

Fa(f)=1-n+n
we obtainy=0.17, which is reasonably close to the experi- C- Pump-current dependence of the squeezing bandwidth
mental value obtained with dc measurememt=(0.1816) As a result of the careful measurements carried out with
and7,=2.6 ns, also close to the widely accepted valte, the high-performance LED, we obtained precisely systematic
~3 ns? of the electron lifetime in a highlyp-doped experimental results on the current dependence of the
(~10"® cm %) GaAs, which is the active layer material squeezing bandwidth, which may allow a qualitative discus-
(though more strictly, AJy:Gay9sAS) of the present LED. sion on the physical mechanisms which limit the squeezing
The short recombination lifetime of electrons enabled us tdandwidths at various injection current levels. The measured
observe the wide-band squeezing of photon-number fluctusqueezing bandwidthésquares at room temperature are
tions. The bandwidth of the noise suppressiqn,defined as  plotted as a function of pump-currentp (or corresponding
the frequency at which the degree of noise reduction is hal€urrent density in Fig. 6. In the measurements, the resis-
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. 2 regions and by recombination dynamics of electrons in the
0 LED zcourrem ?Oensny [Q)/Cm] 20 active region. The injected electron density in the active re-
gion is estimated to be>$10'® cm™2 even with the highest
LED current, 20 mA used in the present work, which is
much lower than the doped hole concentration
(>10'® cm 3) in the active region. This may justify the use
of a linear recombination model. Another important point to
be considered is backward electron transport, which is

Eq. (D termed the backward-pun{BP) process in this paper, from
” Caep= 70 [PF] the active ton-type wide-band-gap regiong. .In general, the
7, =2.6 [ns] excess energy of an electron thermally injected from the

n-type region into the-type active region is relaxed quickly
T by its interaction with phonons, other electrons, and holes.
LED Current [mA] However, for a high pump current, some of the injected elec-
trons may no longer be completely relaxed down to around
FIG. 6. Measured pump-currefitdensity dependence of the the conduction-band edge because of the hot carrier &fect
squeezing bandwidth of the high-speed light-emitting diideD) and/or band filling. As a result, electrons with energies
driven by constant-current sources at room temperature. The expetiigher than ther-side barrier heighte,,, of the heterojunc-
mental results are compared with the theoretical curve estimatefion can go back the-type layer and thus the BP process
with Eq. (1), usingCge,=70 pF andr,=2.6 ns. may take place as shown in Fig. 1. Hence, the LED should
be viewed as a quantum-mechanical system including such a
tanceR,=2 K, through which the LED was driven, was BP process.
chosen to meet the constant-current conditi®(r4) for We start by putting the operators, written in the Heisen-

all the current levels. The solid curve shows the theoreticaherg picture, representing the electron FP ré&gt), the

prediction estimated with E@1). In the estimation, the junc- - o .
tion capacitanc€4.,= 70 pF and the reasonable recombina—elec’[ron BP ratePy(t), and the emissiorielectron linear

tion lifetime 7,=2.6 ns were chosen independently so as td®cembination rate,Nc(t)/ 7, in the active region with the
result in the best fittings between theory and experiments ielectron populatiomN(t) and the photon fluxp(t) detected
the low and highl gp limits, respectively. The postulated by a PD with an efficiencyy, as the sums of their steady-
value Cq4e,=70 pF was reasonably close to the measuredtate(average and small fluctuation terms. The correspond-

diode capacitance 50 pF at an applied forward voltage of 1.3,g Langevin noise source operatof‘spf(t), fpb(t)v and

V, which is slightly lower than the bias voltages used in thex .
noise measurementy,=1.35-1.5 V. Nevertheless, the ex- I'sft) are added to the FP, BP, and emission rate operators,

perimental values obviously deviate from the theoreticaf®SPectively, and(t) is involved in the photon flux opera-
ones in the midygp range, | ep=0.6—10 MA indicating tor, to represent a complete set of time evolution of these
that Eq.(1) cannot be used to explain the experimental re-quantities,

sults over the whole range bfgp . In other words, the mac-

Squeezing Bandwidth [MHz]

roscopic diffusion model is not applicable to the present het- Isf(t)+1:pf(t)= Pf0+A|5f(t)+fpf(t), ©)
erojunction LED unlike a homojunction LE®.In the next
section, we will propose a model which will eventually in- Pp(t)+ T (1) = Ppo+ APy (1) + T (1), (4
terpret our experimental results over the entire range of P P
ILED- 3 4
Ne(t) - N ANg(t) .
ol +Teft) = —2+ cl +Tf1), (5)
IV. UNIFIED MODEL r r Tr
FOR THE SQUEEZING BANDWIDTH .
A. Framework of the backward-pump model D) =D+ AD(t)= nNCO + nANC(t) +F(t).  (8)
Tr Tr

Let us go back to the energy-band diagram of a hetero-
junction LED under a forward-bias condition shown in Fig. We define a parameter, (0=<ay,<1) as the ratio of dc BP
1. The LED(HE8812SG used in the present work would be to FP rates,
viewed electrically as a single-n-junction device since the
active andp-type wide-band-gap regions of the LED are ao=Ppo/Pio=1po/l 10, (7)
highly p-doped?® N,>1x 10 cm™3, much higher than the

doping concentration in the-type wide-band-gap region, wherel¢y andl,, are the average microscopic forward and_
N ~1x 107 cm 3, as will be discussed in Appendix B. In backward currents, respectively. The net average current is

other words, the voltage drops across fhgype active re- 9IVeN by I ep(=10)=110—lho=©(P1o—Ppo), and, hence,
gion and thep-p heterojunction between the active and the dc valuegaverage valugsof the FP and BP rates are
p-type wide-band-gap regions are negligibly low comparedEXPressed as
with the voltage drop across thgn junction. The device P
performance of such a LED may be characterized by electron PfO:_O,
transport from then-type wide band gap t@-type active 1-ay

(€S
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g ay Nco because of the continuity of particle flow,
Pbo_l—aopo_l—ao T ©)
The small-amplitude fluctuation P,(t) of the BP rate can APto—APyo= (13

be naturally viewed as being proportional to the fluctuation '

of the electron populationANC(t) in the active region and
being independent of the junction voltage fluctuations,

AV;(t). Hence, we set

Energy relaxation timesg,, for injected electrons with
excess energies are short100 psec, enough to accomplish
quickly the stationary Fermi-Dirac distribution of an electron
ay ANG(D) ter_nperature]’e._28 Hence, the parametetsg, a_nd agq may be

d c ’ (10)  Written as functions of the electron populatibig,, electron
l-ag 7 temperatureT ., andn-side barrier heighe¢, of the active

where ay (0<ag<1) would be a function oNgo. Simi- region shown in Fig. 1. Such short energy relaxation times
larly, for a small shift of the dc bias point, one obtains, by May justify the independence of the differential rasig on

APy(t)=

using the same parametey;, the frequency over the entire ranges 100 MHz, in the
present work, allowing us the use of the same parameter
ag ANgg in Egs. (10) and (11). Note, however, that the differential
APho=7—_" wy (1) ratio ey is, in general, not necessarily equal to the dc ratio
. . .o
The parameterry may be understood as a differential ratio  The explicit expression for the spectral Fano factor of the
of the BP to FP rates in the dc limit, photon number detected by a PD in the case of high-

impedance noise suppression can be easily obtained by solv-

aF%:%, (120  ing quantum-mechanical Langevin equations, as shown in
dPso  dlto Appendix A, and is given by
|
21—«
1+ (1—ad)(ad—a0)(277f Tie)
— o
Fa(f)=1-7% (14

1+ 2a4(27f ) (27 1) + (1— ag) 227t 1) 22wt 70) 2+ (27f 7)) 2+ (27 f 740) 2 ,

where f is the frequency and the junction-response timg is related toay and agq as 7e=Cged 4= Cye ks T(1
—ag)l{el gp(1— ay)}, within the framework of the thermionic FP and BP model, as will be derived in the next subsection,
Sec. IV B[see Eq.{(23)]. Equation(14) leads to the squeezing bandwidBtdB rolloff bandwidth f.,

4(1_ ad)
2mf)2=——— | P42y Te— ———— (ag— @ 7'2]
( c) 2(1_ad)27'r27't29 r te d?r7te l—a'o ( d 0) te
4(1— ay) 2
+ \/ Tr2+ the-i— 2047 Tie— —1_ao ad—ao)rtze +4(1_ad)27r27't29 . (15
|
In the case ofag=ay=0, Eq.(14) reduces to a form de- 1
scribed by the product of two Lorentzians, Fe(f)=1-179 , (19
1+{27f (Tt 7,)}2
1 16 and Eq.(15) leads to
Fq(f)=1- , (16
ol T+ 2atr) 21+ (273 1
(19

fC:—l
and Eq.(15) reduces to 27 (et 7r)

which is nothing but Eq(1). In the former caseqy=ay
1 =0, the FP and recombination processes in a diode can be
— {—(P2+72)+ m_ viewed as being two cascade processes since no BP process
277 The exists at all. This case may be termed the thermionic-
(17 emission limit. On the contrary, in the latter casg,= ay
—1, both the pump and recombination processes are com-
On the other hand, in another extreme casexgf ayg—1, pletely linked so that they are inseparable from each other.
Eq. (14) reduces to a simpler form described by a singleThis is the so-called macroscopic diffusion limit, discussed
Lorentzian, in Ref. 22.

(2mfo)?=
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LED Current Density [A/cm’] mal emission over the-n junction barrier as in heterojunc-
soo......K..Z.O.H..,..,“,O.........6,0.,, ...,.80 tion LEDs at room temperature, the net average current
X=0g=0 llep(=1g) of a sufficiently strong forward-biased

(Thermionic Emission Limit)

[eVjo/(nkgT)>1] LED may be written as, taking account
of the BP process,

Squeezing Bandwidth [MHz]

40 erO
a'()=a/d=0.5 a/0=a/d'_’1 ILEDZIS exp ——= [1_C¥0(Vlo)]_1

(Diffusion Limit) nkgT

20 eVjo
Caep =70 [pF] =lsjexp ———=|[1-ao(Vjo)]|. (20)
T,=2.6[ns] nkgT

S R T/ N T R VR T wherels, Vo, andn are the reverse saturation current, the

LED Current [mA] average junction voltage across theype wide gap and

) p-type active regions, and the ideality factor, respectively.
FIG. 7. Pump-current-density dependence of the observed The factorn is slightly larger than unity, £n=<1.2, in the

squeezing bandwidth compared with the theoretical curves includl-_EDS used in the present experiments. The deviatiom of

ing the effects of backward-pumBP) process. The theoretical from unity may not only be due to recombination processes

curves for three different values ef= a3=0, 0.5, and 1 estimated . the depleti | but d t ier t t th h
with Eq. (15) by assumingrie=Cg.KgT/(€lep) are indicated. The in the depletion layer, but due to carrier transport throug

values of junction capacitance and recombination lifetime used fog_raded-gap heterojunctions as Cla”f'ed In Ap_pend_lx B. Ob-
the estimation are the same as in Fig. 6. viously, the parametet, as a function o, is identical to

the one originally defined as functions Nty and T, in the
Let us presume that the BP raig is a linear function of ~Préceding subsection. This is becausig, and T, are
the electron populatiorNc, i.e., ag= apg=const. In Fig. 7, uniquely determined by the dc junction voltadgy, i.e., ag
the experimental result of the squeezing bandwidgh, is 1S &n implicit function ofVj,. Equation(20) gives the differ-
compared with three theoretical curves estimated with Eg€ntial junction resistance of the diode,
(15) by setting 7e= Cye kg T/(€l gp) and by using the dif-

ferent constant values 0, 0.5, and 1 a@f and a4 and the nkeT dao(Vio)
same values 0€qe,and 7, as in Fig. 6. With the increasing _NkeT 1—ag(Vjo) _ nkgT L ¢ dVjo
pump currentl gp, the experimentaf. begins to deviate 4 el e 1-a4(Vjo) elep 1—ay(Vjo) /'

from the theoretical curve labelegy,= ay=0 [Eq. (17)] at
lLep=4 mA, and eventually approaches the curve labeled . )
o= ag—1 [Eq. (19)], suggesting that botl, and oy are  VHere@a(Vio) is defined as

no longer constant but increasing functiond gfy . In other nkaT dao(Vjo)

words, the pump situation of our LED moves from the ag(Vjo)=ag(Vjo) + —— (22
thermionic-emission toward diffusion limits afgp in- dVjo
creases.

The definition, Eq.(22), for a4 is easily confirmed to be

Here, we briefly discuss t_he possible- currgnt d_epeno!enq@enticm to Eq.(12), ag=dly/dlo=(dlp/dV;e)(dVjo/
of the parametersyy and a4 in a heterojunction diode, in dlfg), because of I;o=I¢expeVjo/(nksT)} and Iy

c_ompar_is_on with a homojunction di_ode. In a homoj“nCti°n=Isao(vjo)exp{e\/jol(nkB'l')}. Equation (21) leads to the
diode, injected electrons may easily go back, causigg junction-response time,

=aqg—1, as discussed in Ref. 22. On the other hand, in a

heterojunction diode as in the present diode, the BP process CinkaT 1— an(V:
- o . ded1Kp o(Vjo)

for injected electrons may be less significant than in the ho- Te= Caed dj=

mojunction diode since the-side potential barriere,

formed by band-gap discontinuity of the heterojunction mayNote that in the LED used in the present worky(V,o) is

block the backward transport of injected electrons. Howeverarger thanao(V;e), sinceag(V;o) is an increasing function

the BP rate may be superlinearly increased by band-fillingyf Vjo. as will be demonstrated soon.

and/or the hot carrier effect dsgp increases, as already  In an actual diode, we should take care about the influ-

pointed out in the early part of this subsection. The superlinence of an internal series resistamge involved in the diode

ear increase in the BP rate yields increasingand aq with  (not R in the external circujt on thel -V characteristic. If a

I ep, which will be, indeed, demonstrated in the next sub-voltage drop in the series resistangds taken into account,

section. Eq. (20) is rewritten as a function oV eas | gDl s

B. Pump-current dependence ofe and a4y
p{ e( Vmeas_ I LEDrs)

nkaT ][1_a0(vmeas_ I eprs)]s

B

ments, the dependence af, and o4 on the pump current (24)

I .ep, we measured the current-versus-voltab&/J charac-

teristic and differential resistance of the LED used in thewhere V,,.55iS the measurable dc voltage applied between
noise measurements. With the definition @f, Eq. (7), if terminals of the device. Thus, both theand «( pull down
both the electron FP and BP events take place through thethe values of  gp from the simple exponential dependence.

. 23
eliep  1—aq4(Vjo) @3

In order to determine, independent of the noise measure-l gp=1Is €x
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The measurable differential resistangge,siS also affected
by the presence of the internal series resistangesince we LED Current Density [A/cm’]
can measure only the sum of; andr,

nkBT da’o(Vjo)
nksT N e dVjo
elep 1-aq4(Vjo)

+rs.
(25)

Since the second term, representing the influence of BP, in
the parentheses on the right-hand side is positive, not only
the voltage drop in the series resistance but also the BP pro-
cess bring about an increaserifimeas This point has not
always been recognized so far. Rather, the deviation &f

from a simple exponential function o¥,.,s and that of

I 4. measi’OM the 1l .p dependence have been so far believed

ld,meas=ldjtrs=

Differential Resistance [Q]

to be mz%inly due to the voltage drop in a series resistance of ' LED Current [mA]

a diodes (a)
Equations(24) and (25) indicate that it is not easy to

separate the effects of the BP process and series resistance or LED Current Density [A/cm’]

[-V andr 4 characteristics of the LED unless the valuer gf . 10

) ) ) 5 6 7809 2

is known. Fortunately, however, thg value can be identi- R -

fied precisely in the following way. Equatioi25) indicates | T=292K

that the influence of the BP process Qneasbecomes less  |n=1.08

important at lower temperature. More importantly, thg

ar_1d a4 themselves decrease with decreasing temperature, as 2k Tgio+ 0.4Q

will be demonstrated later. Therefore, at a low temperature, 2

T=70 K, Iy measin the high current regime would be gov- 'dj0+ 1.75Q

erned by the internal series resistamge(r >r ;). Figures

Differential Resistance [Q]

8(a) and 8b) show the differential resistance of the diode, 10 L

lameas Measured at two ambient temperatupesom tem- g: i
perature(292 K) and low temperature<61 K)], as func- o 40

tions ofl gp . In the experiments, we carefully controlled the o3 +

device temperature by mounting the LED on a heat sink. 1

Indeed, with the luminescence spectra, the deviatice) LED Current [mA]

temperature was confirmed to be unchanged with increasing

I ep up to 20 mA. The differential resistance measured at

low temperature, T<61 K, can be fitted by the dotted FIG. 8. (a) Measured differential resistance of the light-emitting

straight line obtained with the differential junction resistanced'og?('-tEtD) as fut”CtG'{O”s Oftp“mp C‘:"Zggg”zw e:;ltwo S'ﬁere”t

for ap=ay=0, I o=nkeT/(el by usingnT=61 K  ambient temperaturgsoom temperatur and low tempera-

only i(r)1 thefjvery |0d\;\’IOCUI’I’eBI’It Eegli-rEnDE)]_ y<0 1 ?nA In other ture (<61 K)]. (b) Enlarged plots of measured differential resis-

words. the low temperatu obEvDious.I dev.iates from tance at 292 K for a detailed comparison with theoretical values.

the st}aight line inpthe h"igjhnz;rascurrent re)gime Rather theThe room-temperature data are compared with the solid straight line
. . . . y ’ estimated withry; ;=nkgT/(el by using T=292 K andn

measured differential resistance is perfectly fitted over th aj0=NkgT/(@ligp) by using

. . . & 1.08 and the solid and dashed curves estimated wyjthrtrs by
entire current range with the dotted curve estimated fy using T=292 K, n=1.08, andr.=1.75 Q andrs=0.4 Q. re-

+rswithnT=61 Kandrs=1.9 Q. This convinces us that gpectively. The low-temperature data are compared with the dotted
the internal series resistancgis identified to be 1.90 at  |ine estimated withr 4; o=nksT/(el ep) by usingnT=61 K and

the low temperature. the dotted curve estimated with; o+ by usingnT=61 K and
On the other hand, at room temperature, over the widef.=1.9 (.
current rangel gp<1.0 mA, the measured differential re-
sistance is closer to the solid straight line estimated withusing T=292 K, n=1.08, andr,=0.4 (Q, indicating that
rajo=nksT/(eligp) by using T=292 K and n=1.08, the series resistancg at T=292 K is much lower than that
rather than the solid curvego+1.75 (), as shown in Fig. (r,=1.9 Q) atnT=61 K. This is quite consistent with ex-
8(a) and in more detail in Fig. ® where therg value, perimental results of the temperature dependence of resistiv-
1.75 ), was chosen tentatively to represent the experimenity in p-Al,Ga,_,As as follows.
tal result at the highedf gp. This indicates that the series  Figure 9a) shows the schematic diagram of the cross-
resistance ; at room temperature should be viewed as beingsectional structure of the LEEY:** The thicki-type layer of
much lower than the differential junction resistancg, 300 um is shaped hemispherically to prevent the internal
=nkgT/(elgp) in the wider current range. In fact, the reflection of the ray emanating from tlpetype active layer
room-temperature data up teep=1 mMA are better repre- of 0.5-um thickness. The junction radius of this device is
sented by the dash-dotted curve estimated withy+rs by 80 um. Thep-type Aly ,Ga gAs layer of 30um thickness
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Light Output (3, 4, and 6<10'® cm3). The resistance 0.2-0.8 esti-
mated with a standard thickness 3om of the p-type
layer?® is reasonably close to the value evaluated earlier,
~0.4 Q.

Now, let us step back to Figs(a and 8b). Presumably,
suppose that the observed differential resistan@0 () in

p-active region N GaAs the_ highes_t currenu,_ED=_ 20 mA_, at room temperature is

p-AlpoGaosphs e mainly attributable to a fixed series resistance, as concluded
30 in Ref. 25. At first sight, the assumption leads to a fitting,

[ particularly in the high current regimeé,gfp=8 mA, be-
[ tween the experiment data and the theoretical solid curve
y obtained with ryjo+rs of T=292 K, n=1.08, andry
wTsonm =1.75 Q, as shown in the figures. However, in addition to
b=1204m the discrepancy shown in Fig(l8, the series-resistances(

# = 100 em2/V-see =1.75 Q) model without the BP process brings us a failure
in the interpretation of the observed current dependence of
squeezing cutoff frequency since such a postulated internal
series resistance much lower than the external series resis-
tance,R;=2 KJ(}, in the external circuit may not affect ap-
preciably the noise characteristics of photon fluxes. In this

310" [em?]
4x10" [em?]
610" [cm?]

Resistance [ Q]
7

—
(=)
T T T

osf

0.0 et bl b e

0 10 20 30 40 350 60 view, the conclusion on the internal series resistance made in
Thickness [1m] Ref. 25 is misleading® As a consequence, one has to look
® for a different circuit model, namely a parallel circuit model

_ in which an unknown resistanag is, in parallel, connected
FIG. 9. (a) Schematic diagram of the cross-sectional structure oft0 the resistancery; o=nkgT/(€l gp). In such a case, the
the p-n heterojunction light-emitting diodd_ED). (b) Series resis- nknown resistancrla;( should benegative Otherwiser 4 meas
tance of the LED estimated based on a cylindrical-electrode modq lower thannksT/(el,gp) unlike the experimental results
i i 8 -3
Ig;é?iffsd;?‘fgfcn;ngse g]f) P;:ﬁﬁgg’t 4’32\? Z.(;lO:Asclrz e)r 8 pecause the resultant conductance in the parallel circuit,
YPe Ro25%. yer. 1/ 4j 0t /vy, is higher than X/y; o for a positiver, . Thus, it

B . turns out that theegativedifferential resistance, suggests
was doped (3-5¥10'° cm®, and the distance between gefinitely the existence of the BP process.
then- andp-side contact electrodes was designed to be about once ther, values are identified, one can easily obtain the
80 pm. Thus, the resistance for lateral current in fRpe  ¢rrent-versuganctionvoltage (-Vjo) characteristics from
AloGaygAs may d02r5n|nate over the resultant series resisyhe measured current-versus-voltage-\(;,.s) characteris-
tancer of the LED” The temperature dependence of thejics snhown in Fig. 1(&) by using the relationVy=V,eas
hole concentration and mobility ip-type AlLGa _,As with —rdep With 1e=0.4 Q at T=292 K andr= ’1_9 Q at

various Al-mole fractionsc and doping levels has been ex- 1= 61 K. Figure 10b) shows thel-V,, characteristics at

. . . . . . . J
tensively mvest(;gated in Ref. 30. According to their experi-yq temperatures. The straight lines represent the theoretical
mental result$® the resistance in thep-doped [(3-5)

> prediction, | gp=1 exp{eVy/(nkgT)}, without BP currents,

8 3 J

X10'® cm®] Al GaygAs layer at room temperature i.e., ag(Vjp)=0. Obviously, the experimental results for
would be smaller by a factor of 10 than that at 61 K. Inthis — g1 k are fitted excellently by the dashed straight line,

view, therg at 292 K can be convincingly evaluated to be obtained with nT=61 K, over two-orders-of-magnitude

low, ~0.2 €, since the series resistance at the low temperagpange in | -, indicating that no BP process exists at all at
ture is already identified to be 1.9.. As a cross check, We g ,ch"a Jow temperature. On the other hand, the results for
estimated the internal series resistance based on @ 295 K sill show deviation from the solid straight line, ob-
cylindrical-electrode model for the-type wide-band-gap ained withT=292 K andn=1.08. The discrepancy at 292

layer in the present LED illustrated in the inset of Figo)9 "in tum, clearly manifests the existence of the BP process.
_The resistance between the inner and outer walls of the cyl- 11,4 dependence af, on V, at room temperature can be
inder is expressed as deduced with the results of the-V;, characteristic and dif-
ferential resistance by using Eq20)—(22), as follows. Re-
= fb L: P n E (26) ferring to Fig. 1@b), by assumingyy=0 in the low current
s Ja Poart ™ 2wt a’ regime | g p<1 mMA, consistent with the results of noise
measurements shown in Fig. 7, the ratio of the experimental
wherea, b, t, andp are the inside radius, the outside radius,value ofl gp to the theoretical ond, gp=expleVjo/(nksT)},
the thickness, and the resistivity of the material, respectivelygives usag(Vjo), i.e., for instancel; /1 ,=1— a,(Vjo). The
For the geometrical parameters of our LET'a=80 um Vj, dependence ofry can be determined from the obtained
and b=120 um, and the typical hole mobilit) at room Vjo dependence atq(V|o) through the use of Eq22) or by
temperature u,= 100 cnf/Vsec, we plotted in Fig. ®) use of the values ofrg andry;(=rg measrs) in EQ. (21).
the estimated resistance as functions of thickngssf the  Figure 11 shows the obtainég:p dependence afg and ay
p-type layer of three differentpossible hole concentrations at room temperature. The BP process begins to show up at
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FIG. 10. (a) Measured current-vs-voltagé-V ,..d characteris-
tics of the light-emitting diodéLED) at the same temperatures as in
Fig. 8, which are compared withgp=1 expleVo/(nksT)} (straight
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FIG. 12. Pump-current-density dependence of squeezing
bandwidth (squares compared with theoretical valudsriangles
estimated with Eq(15) together with Eq(23) by using the pump-
current dependence af, and a4 shown in Fig. 11. In the estima-
tion, the junction capacitance and recombination lifetime are used
to be the same as in Figs. 6 and 7. The valuesfpanday are also
shown.

C. Bandwidth for the noise suppression

The experimental results of the squeezing bandwidth can
be compared with our theory, E(L5), by using the pump-

lines) without BP currents. The device temperatures and idealitycyrrent dependence of, and ey, obtained in the preceding

factors are used to be the same as in FigbBCurrent-vs-junction-
voltage (-Vjo) characteristics of the LED obtained frolV e,
characteristics by usiny;o=Vmeas~ I'sl ep. These are also com-

pared with the same straight lines as(an.

aboutl, g.p=1 mA andeay is always larger tham,, as has

subsection. Figure 12 shows the experimental residsed
squarep of the pump-current dependence of the squeezing
bandwidth at room temperature in comparison with theoret-
ical values(closed trianglesestimated by Eq(15) together
with Eq. (23) by using the same values Gy, and 7, as in
Figs. 6 and 7 as well aa=1.08 andT=292 K and the

already been anticipated. Physics underlying the obtainedbtaineda, and oy again plotted in the figure. The experi-

current dependence of the BP parametegsand ey, will be

mental results are perfectly fitted over the whole range of

discussed elsewhérebased upon microscopic models suchpump current by the theoretical ones taking account of the
as the hot electron effect and state filling in tailed states of éncreasinga, and a4 with increasing pump current. The

conduction band in the active alloy material ofGa goAS.

LED Current Density [A/cm’]

1
56
1.0%5

10
56 2

3 456

FIG. 11. Pump-currentdensity dependence of the dc and dif-
ferential ratios of backwardBP) to forward-pump(FP) rates,«,
and a4, determined independently of noise measurements.

LED Current [mA]

agreement between the experimental and theoretical results
estimated withng and ey deduced from dc measurements of
|-V characteristic and differential resistance indicates that
the independence afy on frequency, assumed in Sec. IV A,

is justified. Furthermore, it should be stressed that our noise
measurements have been done under a quite standard condi-
tion, namely a commercial LED operating at low current
density (0.3—72 Alctf) and at room temperature. In other
words, the movement of the pump condition from thermionic
emission @o=ay=0) toward the diffusion limit &y=ay

—1) with increasing pump current would be commonly seen
in heterojunction LEDs.

In order to visualize more clearly the existence of the BP
process and the difference in the squeezing bandwidth be-
tween the thermionic emission and diffusion limits, the fol-
lowing experiment at room temperature has been carried out.
The difference becomes most sizable when the time con-
stants of pump and recombination dynamics are comparable,
namely atl gp=1-3 mA in the case of Fig. 7 or Fig. 12.
The parallel capacitanceS, have been connected to the
LED driven at two different pump currents| gp
=3.2 mA (ap=0.06 and @4=0.16) and 12.0 mA ¢,
=0.37 anday=0.60), to artificially change the junction-
response time of the LED, defined agio=nkgT(Cgyep



16 696 KOBAYASHI, YAMANISHI, SUMITOMO, AND KADOYA PRB 60

85 ermionic Bmission Limit ingly co_ncluded to be much lower than thg differential junc-
[ (@g=ay=0) \ (@4=0.06,04=0.16) tion resistancer 4j=3.6 (), even at the high current gp

600 I =12.0 mA.

V. CONCLUSIONS
(€(=0.37,04=0.60)

503_ In this work, we have investigated experimentally and

Squeezing Bandwidth [MHz]

Diffusion Limit
(@o=0g—>1) theoretically the bandwidth for the squeezing of photon-
L ¥ lip=32mA number fluctuations in constant-current-driven heterojunc-
s HE tion LEDs operating at room temperature, focusing on the
§: Lep=12.0mA driving-current dependence of the bandwidth. The experi-
40 Caep = 70 [pF] ments using high-performandhigh-speed, highly efficieit
7,=2.6 [ns] AlL,Ga _,As LEDs carried out with careful measurements

e e e, have led to the observation of apparent squeezing up to 100
MHz and allowed us a precise quantitative comparison with
the theory.

In low and high injection current regimes, the squeezing

FIG. 13. Experimental squeezing bandwidth, controlled by thebandwIdthS have been explained well to be limited by the

parallel connection of external capacitanc€y,, to the light- rgqunsE t|me_0f thp-.njunctlon apd lthe reclomb(;natl().n I|f§-
emitting diode(LED) driven at two different pump currents, gp F'me m.t e active region, res.peCtlve y, as aready pointed out
=3.2 mA and 12.0 mA plotted as functions of the inverse of n prewous_ WOI’k: Howevgr, it has been fpund In t,he present
junction-response time, 4 o= €l.£p /{NksT(Caept Cp)}- Terio IS yvork t_hat, in the intermediate current region, previous th_eo_ry
obtained by usingT=292 K, n=1.08, andCge=70 pF. The including the FP and BP processes in the diffusion limit,
open circle and square represent the squeezing bandwidths at esefiginally developed for homojunction LEDs, fails to inter-
pump current in the case &,=0. The experimental results are Pret the experimental results. We have proposed a theoretical
compared with four theoretical curves. On the estimation procenodel, generally applicable to heterojunction LEDs, where
dures of the theoretical curves, see the text. the dc and ac ratios of the BP to FP rates are included as
parametersyy, and ay. It has been revealed that changes in

) the pump situation are included in a quite natural manner in
+Cp)/(€lep). Thus, the dependence of the squeezing bandg,e expression for the squeezing bandwidth, and as a conse-
width at the fixed bias pointgthe fixed BP rates, i.e., the g ence that the transition of the situation from thermionic
fixed & parameterson 71,0 can be investigated. Figure 13 emission to diffusion limits associated with the changes of
shows the eXperImental SqueeZ|ng bandwidth plotted aao and ay appears as the Change of the bandv\”dth aibe
functions of 1feo estimated by usingT=292 K, n anday values have been determined by the measurements of
=1.08, andCge=70 pF, and the open circle and square incurrent-versus-voltage characteristic and the differential re-
the figure represent the squeezing bandwidths in the case eistance of the LED, and demonstrated to increase with the
C,=0. The experimental results are compared with four thepump current. By the uses of these obtaimgdand a4 val-
oretical curves as functions of; o which are estimated by ues, the experimental results of injection-current dependence
Eqg. (17) (thermionic-emission limitay=ay=0), Eq. (19 of the squeezing bandwidth have been represented quite ex-
(diffusion limit, ag=aq—1), and Eq.(15) with oy and ay cellently, over the whole range of the injection current used
values at each bias point, all with=2.6 ns. Also, in the in the noise measurements. In 'particular', the e_xperime'ntal
equations the junction-response timg originally given by ~ results of the squeezing bandwidth obtained with slowing
Eq. (23 is replaced by the effective valuefi para d_own of the junction-response speed by the parallel connec-
=k T(Cgept Cp) (1~ ag)/{€l ep(1—ag)}. The experi- tion of external capacitances have very clearly supported the
mental squeezing bandwidth decreases with the increasi esent model. Hence, we conclude that the BP process plays

parallel capacitance, namely increasing . The squeezing essentially important role in the photon-number squeezing

bandwidth at each pump current is well fitted by the corre" heterojunction LEDs and the pump-current dependence of

. . i . . the squeezing bandwidth manifests the transition of carrier
sponding theoretical solid curves estimated withand ay q 9

h bi it E il ¢ h g b transport across the-n heterojunction, from thermionic
at each bias point. Especially, as far as the squeezing bandission to diffusion limits. The present experiments carried
width is concerned, the LED driven &tgp=3.2 mA be-

e <= = out with commercially available LEDs under a very standard
haves as if in the thermionic-emission limit whereas the LEDyperating condition have indicated the general importance of
driven atl gp=12.0 mA behaves as if in the diffusion limit. the BP process in heterojunction LEDs and demonstrated
Furthermore, the agreement between the theoretical and etat careful noise measurements reveal the transition of the
perimental results indicates that the internal series resistanggimp situation prominently, and, in turn, give insights into
of the LED is very low at room temperaturg,<ry;. Oth-  general device characteristics of LEDs such as dynamic re-
erwise, the experimental results plotted againsteqd, sponse for external current modulation.

which is defined under the assumption that the capacitance In this paper, the discussion has been mainly focused on
C, is connected in parallel directly to thgen heterojunction,  the microscopic carrier injection process. However, the elec-
would never be fitted by the theoretical curves. Thus, theron recombination process as well as the pump process may
internal series resistancg at room temperature is convinc- certainly affect the photon-number squeezing in semiconduc-

0

1 el pp 1
ns
reff,O nkBT(Cdep+Cp) [ ]
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tor light emitters. The squeezing bandwidth in the relatively . eAV.

high pump-current regime is limited by the radiative recom- APy(t)= Pfoexp( _’) —Pio (A5)
bination dynamics in the active region. Namely, the shorten- nkgT

ing of the radiative lifetime may lead to the wider-band in the case of thermionic FP process, wharis the ideality
squ_eezing in a LED. In fa_ct, by _adopting the m.OdU|ati0n'factor. Linearization of EQq.(A5) Ieaés to the quantum-
doping scheme_ t(.) th_e a_ct|ve region as a technical way t%1echanical Langevin equation for the FP rate fluctuation,
shorten the radiative lifetime, we very recently have demon-
strated the photon-number squeezing over 300 MHz in a 1
LED driven at room temperaturé rather close to the band- AP{(t)=— _f [AP(t)— APp(t)+ T (1) — I (1) ]dt,
width observed with LD$:* Ttef P P A6)
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APPENDIX A: EXPRESSION FOR THE PHOTON NOISE nksT nksT
POWER SPECTRAL DENSITY OF AN LED DRIVEN Ttefzel—cde,;(l— ag) =i =(l—ay) re. (A8)
fo 0

BY A CONSTANT-CURRENT SOURCE

In this appendix, we derive the expression for noise powefh the derivation of the last relation in EGA8), Eq. (23) in
spectral density of the photon-number fluctuations on the>ec- IV B was used. Fourier transformation of E46) [or
basis of quantum-mechanical Langevin equations includingd- (A7)] leads to
the effects of the BP process.

A junction voltage change in the LED induced by the FP - o~ A|3b+iﬂrteffpf+fpb
and BP events is represented, using E@sand (4), by AP+ T = THi O , (A9)
e[l5f(t)+fpf(t)—ﬁb(t)—fpb(t)] whereQ)=27f is the angular frequency. The Fourier com-
_j Coep dt ponent of the small-amplitude fluctuatidaP,(t) of the BP

rate operator, given by Eq10), leads to

__Je(Pfo_Pbo)dt
~ ~ %} ANC ~
APb‘f‘pr:l_—ad T+pr. (A10)
r

Cdep

B J e[AP;(1) = AP0+ Pyt = Tp(0)] A
Caep ’ On the other hand, the quantum-mechanical Langevin

and the voltage change is recovered by continuous chargirgAuation for electron population operaté¢(t) in the active
due to the external constant curré(it) =1,, with a constant region is given by

rate, -
dNc¢(t) - R - -
W, gt = Pro~ PooT AP() = APy(1) + T t) —T'py(t)
= : (A2)
Cdep Cdep l(l (t)
c -
Hence, the net voltage fluctuation is expressed as - 7 —Tsf0), (A11)
- e[A |5f(t)—A|5b(t) +fpf(t)—fpb(t)] wheref“sp(t) is the noise source operator associated with the
AVj=-— f Cee dt, spontaneous-emission process. Using GBf.and Psg— Py
P (A3) =Ngo/ 7, in Eq. (Al11), one obtains
where we used dANC(t) A A A . ANC(t)
gt AP AP)+ () —Tt)
e(Pro=Pro) 1o Tt
= . (A4) -
Cdep Cdep — Fsp(t) . (A12)

This v9|tage fluctuation causes the small-amplitude fluctuagqrier transformation of EdA12) together with the uses of
tion AP¢(t) in the FP rate, Eqgs.(A9) and (A10) leads to
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QT ~ ~ - where the angular brackets stand for the bath averages of
R R A quantum-mechanical expectation values. The Markoffian
c= tef i (A13) correlation functions of various noise sources are obtained,
14iQr + 2d 1) Tieg by starting with the generalized Einsteidrift-diffusion)
T l—ag 1+iQ 7 relations® as

The quantum-mechanical Langevin equation for the pho-
ton flux operatord (t) detected by a PD is given by

Ne(t) - N AN(t

o), £y e, AN

Ty Ty Ty

+F(1),
(A14)

d(t)=7

whereF (t) is the noise source operator associated with pho-
ton emissions detected by the PD. Here, we assume that the
photon damping rate is infinite, which is justified in the
usual LED cases. Thus, the noise power spectrum of output
(detected photon fluxes can be expressed as

ANe - >

- AN!
2(ADTAD)=2| | % -

Y

C
+FT

n

29 ~ o~ 2p o~
= T (aREANG)+ ZHAREF)
r

Ty

(TorTo) =34 Po. (A16)
~ 4= a
<pr pr>=1_a0 Po, (A17)
- -~ N
<FspTFsp>= TCO, (A18)
r
-~ N
(FF)=17 TCO, (A19)
r
= 1T Nco
(LR =(F o= (A20)
r

The bath averages of all other cross-correlation functions are

5 zero. Hence, one can obtain the spectral Fano factor for the
+ _7]<"|ETA"NC>+2<ET|E>’ (Al15)  constant-current-driven LED including the effect of the BP
Tr process by using Eq$A13) and (A15)—(A20),

- 142072 (2t
2(ADTAD) 1_—%(% o) (27f i)
Fd(f):—z p 17 > 5 > 5 5
UAND) 1+ 2aq(27fr)2mfre) +(1—ay) (2wl r) (27t 1)+ (27 7)) “+ (27 f 70)
(A21)
|
wheref is the frequency. This is Eq14) in Sec. IV A. wherel, is the constantyg, the built-in voltage in the case
of an abrupt-gap junction as shown by the dashed line, and
APPENDIX B: THE IDEALITY FACTOR A(Vjo) the lowering of peak energy of the potential barrier
IN THE CURRENT-VOLTAGE CHARACTERISTIC induced by the band-gap grading in e junction. Linear-
OF A GRADED-GAP HETEROJUNCTION LED ization of the variation ofA (Vo) with respect to the junction

We discuss the ideality factar, appearing in Eq(20), in
the graded-gap AGa,_,As heterojunction LED used in the

voltage changeV;o—V(}) leads to A(Vjo)=A,—d(Vi
—V(9), and then the effective built-in voltage in the graded-

present work in this appendix. Figure 14 shows the energygap junction is given bWg,—Aq, whereA, is the peak-

band diagram of @-n heterojunction with a band-gap grad-

potential difference between the abrupt- and graded-gap het-

ing, where the boundary between theype active region erojunctions at the specific bias voltagf}). As a result, Eq.
andn-type wide-band-gap regions is positionecdzat0. The (B1) can be written as

graded-gap region may be formed due to so-called melt-back
process in a temperature-gradient liquid phase epithR¥)

by which the present LED was preparédiVhen the doping
concentration of the-type layers is much higher than that of
the n-type layer,N,>N, as in the present LED, the average
forward-current densityJ;, of a strongly forward-biased

Jig=JdsexXpy ———— ¢, B2
fo s kBT ( )

LED within the framework of the thermionic FP model is whereJs=Ja exp{—e(Vg,—A¢— 6\/}8))/(k317}. Thus, the ide-

given by ality factorn in Eq. (20) is given by 1/(1- 6).
From the Poisson’s equation, the potengal(z) for an
Je=J. ex —€[Ven—Vjo—A(Vjo)] (B1) electron in the graded-gap heterojunction can be represented
oA kgT ’ to be, for 0<z<dgep,
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(active)

n-Al,GagsAs
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oo Loy Lo b
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1
z7=dy, =0
) ’ FIG. 15. Junction-voltage dependence of the computed lowering
of barrier height, A, for the graded-gapn(AlyGa gAS)
) -p(Alg0:GaygAs) heterojunction with the grading widtH
FIG. 14. Energy band diagram of an,&ia - ,As p-n hetero-  _1g A and the donor doping densily;=1x 107 cm~3, which

junction with band-gap gradingshown by solid linesor without is much lower than the acceptor doping density- 10" cm2 in
band-gap gradingéy dashed lings

the active region.

7=7,

e’Ng /1 AE z ot on Wi o widh —
e(z)= d( C[ 1+tan>-(| )] junction with the grading width,=18 A (Ref. 39 and the

2

5 ~Z0gep) o donor doping densitily=1x 10" cm™3 obtained withC-V

(B3) measurements, which is much lower than the acceptor dop-

ing density,N,~10'® cm™2 in the active regioR® The peak

whereg is the vacuum permittivityg, the relative permit-  potential differencél changes almost linearly with the junc-
tivity, dgep= \/2808r(an—vjo)/(e Ng) the depletion layer tion voltage ¥;,=1.35-1.5 V) used in the noise measure-
width for the one-sided step junctiorN{>Ng), AE:{1 ments. As a result, the ideality factor1.06 obtained from
+tanh@ly)}/2 the position-dependent conduction-band offsethe slope of dashed line for{y)=1.43 V shown in Fig. 15
between then-type and active regior, andly the grading s very close to thatn=1.08, determined by-V character-
width of the heterojunction. The conduction-band offsetistic or differential resistance measurements at room tem-
AE¢ in the ALGa _,As system at room temperature is de- perature. It should be noted that the deviation of computed
termined by the well-known Al-mole fractior dependence A(Vjo) from the dotted straight line in Fig. 15 is too small
of the band gapE,=1.424+ 1.24% eV * and 70:30 rule for ~ (for instance, 0.5 meV af;;=1.48 V<kgT~25 meV) to
the ratio of conduction to valence-band offs&3he electric  count the deviation from the straight line in the current-
charge,eNy, due to ionized donors may be canceled par-versus-junction-voltage characteristiclat 292 K shown in
tially by electron charges around the edge of the depletiofrig. 10(b).
layer z~dgep, thus Egs(B1)-(B3) can be used only under The barrier height for electrons/g,—Vjo—A(Vjo)] in
the condition that the barrier height of the forward-biasedthe p-n junction under the driving conditions V{,
graded-gap heterojunction is much higher than the therma+1.35-1.5 V) of the LED in noise measurements is esti-
energy, i.e.,Vgn—Vjo—A(Vjo)>kgT/e. This condition is mated to be 220-79 meV, which is much higher than
equivalent to one that the depletion layer width,,is much  kgT/e=25 meV. The n-side barrier heightfe¢,=AEc
wider than the Debye lengthy = kg Teoe, /(€2n,), within -~ —A(Vjo)] in the active region is obtained to be 136-145
which the Coulomb potential of ionized donors is screenedneV so that electrons in the active region with energies
by free electrons in the-type region, wher@ (~N) is the  higher than then-side barrier height due to the hot carrier

€08y g

electron density in the-type region. effect and/or band filling can go back to timetype wide-
The potentialey(z) is maximized at the positionz,, ~ band-gap region and, thus, BP currégg can flow. How-
given by ever, since the p-side barrier height {AE:-+AEy

=237 meV, whereAE, is the valence-band offset in the
AE¢ &Ny p-p junction for injected electrons is unaffected by the ex-
_> secR(z, /I ):<_> dgep, (B4)  istence of grading in thep-p junction, thep-side barrier
2l e €0€¢ P height is always higher than the-side one,AE-+AE,,

>e¢,. Thus, thermal emission of electrons to thdype
allowing us the computation of junction-voltage dependencevide-band-gap region may not take place. This is a primary
of the potential lowering\. Figure 15 shows the computed reason why the quantum efficiency of the present LED is
junction-voltage dependence af at room temperature for maintained to be high despite the existence of a significant
the graded-gapn(Aly Ga gAs)-p(AlgoGaygAS) hetero- BP process.

Z,+

e’Ny
p

€08y
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