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Investigations have been made of the correlation between the photon flux noise and the noise of
the voltage across the junction of a quantum-well semiconductor laser near its threshold.

The correlation measurements were made by means of a delay line. Complete negative correlation
in the threshold region was found. The influence of the optical losses on the correlation is

discussed. © 1995 American Institute of Physics.

1. INTRODUCTION

In the investigation of quantum-mechanical systems,
measurement of the correlations between two conjugate vari-
ables has fundamental importance. If correlations are found,
they can be used to obtain new states of the quantum system.
In particular, in optical experiments they can be used to gen-
erate amplitude-squeezed (‘““noise-free”) light. Besides the
use of squeezed light in physics experiments, there are sev-
eral other fields in which its use is very promising. For ex-
ample, in optical communication systems there is a possibil-
ity of increasing the maximum capacity of the channels, and
in interferometry it can be used to improve considerably the
optical characteristics of devices.

The possibility of obtaining amplitude squeezing by
pumping was first predicted theoretically in the study by
Golubev and Sokolov,' and the first experiments to obtain
amplitude-squeezed light using the suppression of the noise
of the pump current of a semiconductor laser were described
in Refs. 2-5. These experiments were made possible prima-
rily by the development of single-frequency cw injection la-
sers operating at pump currents several times higher than the
threshold value. Later,®’ it was shown that the fluctuations of
the photon flux of a semiconductor laser are negatively cor-
related with the noise of the voltage across the p—n junction
and that the spectral density of the combined noise of the
photon flux and the noise of the voltage across the laser
junction is less than the spectral density of the photon flux
noise. The mechanism for the occurrence of this correlation
is due to the dipole interaction between the internal field and
electron—hole pairs. In the same investigations, a measure-
ment was made of the correlation between the noise of the
intensity and the noise of the voltage across the junction of a
laser pumped by a current an order of magnitude greater than
the threshold current at temperature 66 K.

In the measurement of the characteristics of amplitude-
squeezed light, the main difficulty is in carrying out accurate
calibration relative to the level of the shot noise, and there-
fore in such investigations one uses a balanced homodyne
detector that includes a correlator of the two noise voltages
and a delay line.>"~?

The aim of the work reported here was to investigate the
correlation between the noise of the photon flux and the
noise of the voltage in the pump circuit of a semiconductor
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laser in the threshold regime at room temperature and also to
study the effect of the optical losses on the noise character-
istics of the emitted radiation and the correlation coefficient.
We have investigated the noise of a InGaAsP/GaAs semicon-
ductor laser based on a buried double heterostructure with
separate confinement and radiation wavelength 0.8 wm.
Among various lasers, we chose one that operates in the
single-frequency regime (one longitudinal radiation mode)
up to a pump current of order 100 mA. The threshold current
of the chosen laser was 48 mA. A detailed description of
such lasers can be found in Ref. 10. For the measurement of
the correlation coefficient, we used a correlator of the noise
voltages based on a delay line.

In the theoretical part of the paper, we analyze the con-
ditions for the occurrence of correlation, consider the equiva-
lent noise circuit of the semiconductor laser, discuss the pos-
sibility of measuring the noise in the pump circuit, calculate
the correlation coefficient, and analyze the effect of the op-
tical losses on the statistical characteristics of the photon flux
of the output radiation. The analysis is based on the results of
Refs. 6 and 7. We then consider the low-frequency spectral
density of the measured quantities, justify the choice of the
range of measurements, and describe the experiment.

The results of measuring the correlation of the noise of
the voltage across the junction and the noise of the laser
radiation intensity confirm the theoretical prediction that the
correlation of these noise signals is essentially completely
negative in the threshold region. Neither the low laser—
photodetector current gain (in our experiment, it was 7%)
nor the introduction of additional optical losses destroyed the
total negative correlation by a measurable amount.

The observed correlation can be used to suppress the
excess quantum noise slightly above threshold, for example,
by means of an external light modulator controlled by the
noise voltage taken from the junction.

2. PUMP NOISE AND RADIATION INTENSITY NOISE
2.1 Conditions for occurrence of correlation

A semiconductor laser is pumped by the injection of
electrons. If a correlation is to arise between the pump noise
and the radiation intensity noise, the statistical properties of
the pump electron flux must be transformed into the statisti-
cal properties of the flux of the emitted photons. This can be
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achieved if the quantum efficiency of the laser is near unity,
i.e., each electron pump corresponds to the appearance of a
coherent photon in a laser radiation mode. This becomes
possible only if the electron lifetime 7, in the cavity is much
less than the time constant 70 =CR, of the control circuit
and the lifetime 7;, of a stimulated-emission electron is much
shorter than the lifetime of the electrons that participate in
nonradiative recombination or in spontaneous emission in a
nonlasing mode. It is also necessary for the rate at which the
photons leave the cavity to exceed the rate of the intracavity
losses, including the losses through escape from the opposite
end of the laser. With regard to this last point, the laser with
separate confinement of the carriers and photons that we
used has significant advantages, since it is characterized by a
low level of intracavity loss.

The processes of stimulated emission and of the escape
of photons from the cavity are random in nature. This means
that the delay between the times of electron injection and of
coherent photon emission changes from case to case. How-
ever, if the measurement time is considerably greater than
this delay, the probability that a photon does not leave the
cavity during the time of measurement is negligibly small.
By virtue of this close relationship between the pump current
and the flux of the emitted photons, the voltage across the
junction of the semiconductor laser will fluctuate. The noise
voltage v, across the junction is uniquely related to the fluc-
tuations AN, in the number of electrons N, in the active
region of the laser through the diffusion capacitance C of the
junction:

AN,
V=g~ (1

where ¢ is the elementary charge.
The correlation between the voltage across the junction
and the number of photons in the cavity will be negative.

2.2 Noise of the voltage across the junction and noise of
the current through the junction

We consider the equivalent noise circuit of a p—n het-
erojunction with differential resistance R, diffusion capaci-
tance C, and internal source of the noise current i:

_ & _ ZVTTC (2)
1 gnN, ’

=8Qe=qu 3)
v, 2Vy

where [ is the constant current through the junction,
Vr=kgT/q is the thermal potential, k; is Boltzmann’s con-
stant, T is the absolute temperature, /Q, is the change in the
total charge in the active region, and 4V, is the change in the
voltage across the junction.

Let the power source of the junction have an internal
resistance R, and a source of thermal noise current i, asso-
ciated with this resistance. The low-frequency power spectra
of the noise sources of the currents can be written as

4kgT
" R,

N

S(i)=2ql+4ql,, S(i,) (4)
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where [ is the reverse current through the diode.
Using Kirchhoff’s law, we obtain the current i, and the
voltage v, across the junction,

RR,
" R+R,

y

R R
i,=- i— iy,
R+R, R+R;

(iy—i), ()

Un

and the power spectra of the noise current S(i,) and of the
noise voltage S(v,):

R \? R, \?
S(in>=S(i>(R+R ) +S(is)(R+xR ) ,

s

R 2
“Uﬂ=( )(SUJ+SUD- (6)

R+R,

In the case R;<R, the diode operates in the constant-
voltage pump regime, and we have

S(i,)=S(i)=2q1+4ql,, S(v,.)=R3(S(is)+S(i>)i)

7

The dependence of the noise in the external circuit on
the current / satisfies the expression for shot noise both for
the voltage across the junction and for the current through
the junction.

In the case R;>R, the diode operates in the constant-
current pump regime, and

4kpT
S(i)=8(i)=—p5—, SWa)=RYS(i;)+S()). )

For I>1
S(v,)~2qIR*~2kyTR. 9)

Although the noise of the voltage across the junction corre-
sponds to the expression for shot noise, the noise is measured
using a large measurement resistance R, and as a result of
normalization with respect to it the noise of the voltage
across the junction is reduced by the factor (R/R,)% To de-
tect this noise, it is necessary to cool the resistance R or to
use synchronous methods of measurement, or both of these
methods. Lasers based on a double heterostructure have large
bulk resistance in the p- and n-type regions (base resistance),
which plays the role of R, . At a threshold current of tens of
milliamperes, the laser operates in the constant-current pump
regime, since its differential resistance R is small compared
with the base resistance. The constant-voltage pump regime
should be feasible in lasers based on a homojunction, since
in them the base resistance can be fairly small.

The total noise current of the laser consists of four parts:
the pump noise, the noise of the generation and recombina-
tion of carriers in the p—rn junction, the noise of the internal
field of the cavity, and the noise of the output radiation. If the
pump current slightly exceeds the threshold value, the output
radiation of the laser contains not only the shot noise but also
strong excess noise of the photon flux due to spontaneous
emission. Because of the presence of the correlation, this
excess noise is present in the noise voltage across the junc-
tion and can be measured.

A. S. Trifonov and P. A. Usachev 688



2.3 Correlation between the noise of the photon flux and
the noise of the voltage across the junction of the
laser

The noise spectrum of the fluctuations p, of the number
of photons per unit time in the output radiation of the semi-
conductor laser for the range of frequencies low compared
with the relaxation frequency is flat, with noise power
equivalent to a variance in the number of photons in unit
time equal to’

2 24+r 2+r
S(p)=(p,)= T PSP s (10

where r=1/1,,— 1 is the pump parameter, /,, is the threshold
current of the laser, p is the mean number of photons in the
cavity, and v is the rate at which photons leave the cavity.

The power spectrum of the noise of the voltage across
the laser junction’ has the form

2
S(v,,)=4q2pr2( 1 +%) . (11)

The correlation spectrum of the noise of the external
radiation p, and of the voltage across the junction v, can be
written as

1+r
S(v,.p.)=—2vV2qypR -7 (12)

The low-frequency coefficient of the correlation between
the voltage across the junction and the emitted photon flux of
the laser in the limit R,—0o is’

’ 2
C(vn,pe)-:— r_+—2', (13)

and for near-threshold pumping (r<%1) it is
C(va,pe)=—1. (14

For operation far beyond the lasing threshold (r—), we
obtain C(v,,p,)=0, and the correlation disappears.

If the pumping slightly exceeds the threshold, the pres-
ence of the complete correlation (14) makes it possible to use
the noise of the voltage across the junction to suppress the
excess noise in the laser radiation.

2.4 Effect of losses on the correlation

If in the path of the photon flux there is a divider with
transmission coefficient u, then the noise spectrum of the
power of the transmitted radiation p,,= up, has the form

2 ) 2+r
Spen)=(pe)=n’yp —z=+pu(l—p)yp. (15)

The correlation spectrum S(v,,p,;) of the voltage v,
and the radiation p,, can be written in the form

+r

|
S(U",[)‘,I)Z_MZ\/?(/'Y[)R r’Z s (|6)

and the coefficient of the correlation between v, and p,, is
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FIG. 1. Circuit for measuring the correlation of the pump noise and the
radiation noise of a semiconductor laser. Explanations are given in the text.

(17)

In the case of pumping near the threshold (u>r?), we
have

C1=C(Un ’pe1)=_1~ (18)

Thus, if the transmission coefficient satisfies ,u>>r3 the
correlation remains complete even in the presence of optical
losses. In the limit u—0 (strong losses), the power spectrum
of the transmitted radiation (15) becomes a Poisson spec-
trum,

S(pel)=ﬂyp=pel’ (19)

and the correlation between v, and p,, disappears.

3. DESCRIPTION AND STRUCTURAL CIRCUIT OF THE
EXPERIMENT

The structural circuit of the experiment is shown in Fig.
1. The semiconductor laser radiation is collected by a focus-
ing lens and directed onto a photodiode. The blocks A2 and
A1 are amplifiers of the noise signals obtained from the p—n
junction of the laser and from the photodiode, respectively.
The delay line is made of a coaxial cable with resistance 50
Q) and length 30 m. It ensures a delay of the signal by
T,=0.12 us, giving an interval between the maxima on the
screen of the spectrum analyzer of 8 MHz. The signal levels
are equalized by means of attenuators, which make it pos-
sible to regulate smoothly the degree of attenuation. The sig-
nal from the differential amplifier, which is proportional to
the difference of the input signals, reaches an SK-4-59 spec-
trum analyzer. The voltages, which are proportional to the
power spectrum of the measured signal and the scan of the
spectrum analyzer, are recorded by an automatic plotter.

The power spectra of the pump and radiation noise are
flat in the frequency range beginning at 5 MHz (1/f noise
and mode-switching noise are absent) up to frequencies of
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FIG. 2. Results of measurement of the correlation between the pump noise
and the radiation noise of a semiconductor laser in its threshold region:
I—power spectrum of the noise of the voltage across the junction;
2—power spectrum of the noise of the photon flux; 3—power spectrum of
the combined noise of the voltage across the junction and the time-delayed
noise of the photon flux; 4—intrinsic total noise of the measuring circuit
(f,+ f;); S—intrinsic noise of the channel for measuring the noise of the
voltage across the junction (f,); 6—intrinsic noise of the channel for mea-
suring the noise of the photon flux (f;).

order 1 GHz (the frequency of relaxation oscillations in the
threshold regime). In these measurements, we selected the
frequency range from 30 to 50 MHz, which is the range that
is least affected by external radio interference. Two and a
half periods of the spectrum of difference of the direct and
delayed signals fit into this frequency interval.

The c-w differential quantum efficiency of the measure-
ment circuit u, defined as the ratio of the increment of the
constant photocurrent to the increment of the pump current,
was 7% for differential efficiency of the laser of order 20%.

To estimate the degree of suppression of the in-phase
voltage across the differential amplifier, completely posi-
tively correlated direct and delayed signals, whose levels
were equalized, were sent to the inputs of the amplifier from
a white-noise source. The difference between the maximum
and minimum values of the power spectrum of the difference
of these signals was more than 20 dB, indicating good sup-
pression of the in-phase signal at the inputs of the differential
amplifier.

4. INVESTIGATION OF QUANTUM CORRELATIONS

4.1 Correlation between the radiation intensity noise and
the noise in the pump circuit

Because of the presence of optical losses, the nonideal
quantum efficiency of the photodetector, and the intrinsic
noise in the measurement channels, the power spectra of the
measured noise signals have additional terms. Figure 2
shows the following results of measurement of the correla-
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tion of the pump noise and the radiation noise in the above-
threshold region. Curve / is the power spectrum of the noise
of the voltage across the junction, S(v,)+ f, , where f, is the
intrinsic noise in the channel for measuring the voltage
noise. Curve 2 is the power spectrum of the noise of the
photon flux deduced from the drop of the voltage v; across
the load resistance R,, of the photodetector:

22Fr 2p2
S(Ul)zqulﬂg ri Rm+2qll(l_l‘l’)g Rm+fi7
(20)

where g is the ratio of the gains of the channels for measure-
ment of the voltage noise and the radiation intensity noise, u
is the c-w differential quantum efficiency of the measure-
ment circuit, and f; is the inherent noise of the channel for
measuring the radiation intensity noise. Curve 3 is the power
spectrum of the combined noise of the voltage across the
junction and the time-delayed noise of the photon flux:

S(Q)=S(w,)+f,+S(w;)—25(;,v,)cos(QT,), (21)
where
1+r
S(U,',U,,)= —_4qlig _rrRRmv (22)

is the correlation spectrum. Curve 4 is the total intrinsic
noise of the measurement circuit (f,+f;). Curve 5 is the
intrinsic noise of the channel for measuring the noise of the
voltage across the junction (f,). Curve 6 is the intrinsic
noise of the channel for measuring the noise of the photon
flux (f;). For laser pump current /=49 mA, the photocurrent
was I;=70 uA. The range of measurement was 28—46 MHz
in a frequency band A f=300 kHz.

The sinusoidal variation of curve 3 in Fig. 2 indicates the
presence of correlation between the noise of the photon flux
and the noise of the voltage across the laser junction. In the
absence of correlation, curve 3 would be flat at the level of
the noise power, which is numerically equal to the sum of the
noise powers of curves / and 2.

To determine the correlation coefficient C,,, it is neces-
sary to find the ratio

Cp= M (23)

VS(v)S(v,)’

where we determine S(v;,v,) from the difference between
the maximum and minimum values of S(£2):

max(S(£2))—min(S(Q))
7 .

S(;,v,)= (29)
The correlation coefficient C,,, calculated in accordance
with (23) and (24), was —1.06*0.1, indicating total correla-
tion between the measured noise signals. This agrees well
with the theoretically predicted® value [see Eqs. (17) and

(18)].

4.2 Effect of optical losses on the correlation spectrum

We measured the power spectrum of the total signal (21)
when an absorbing light filter with transmission coefficient
x=0.4 was introduced between the laser and the photodiode.
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The constant photocurrent of the detector was changed from
1;,=68 uA to 1;,=25 uA. The transmission coefficient y
was
Ii
x=-—=037. (25)
Iy
The ratio of the differences between the maximum and
minimum values of S(Q2) in the presence of losses and in
their absence was

Ay

A
Thus, this ratio is practically equal to the ratio (25) of the
photocurrents, in agreement with the theoretical conclusion
about the behavior of the correlation spectrum (16) and the
correlation coefficient (17) and (18).

=0.43+0.08~ x. (26)

5. CONCLUSIONS

In the work reported here, we have investigated the cor-
relation between the noise of the photon flux and the noise of
the voltage across the junction of a semiconductor laser in
the threshold regime, and we have also investigated the ef-
fect of optical losses on the statistical properties of the output
radiation. We have obtained expressions for the low-
frequency power spectra of the noise of the output radiation
and the noise of the voltage across the junction as functions
of the pump level of the semiconductor laser. We have shown
that at room temperature, when the threshold current is tens
of milliamperes, the laser operates in the regime of current
stabilization through the junction. We have obtained an ex-
pression for the coefficient of correlation of the noise voltage
across the junction and the noise of the output laser radiation
as a function of the pump current. We have shown that in the
presence of strong optical losses the statistics of the detected
photon number becomes a Poisson distribution and that the
noise created by the losses is shot noise irrespective of the
variance of the number of photons of the original radiation.
At the same time, the correlation with the noise of the volt-
age across the laser junction disappears. The introduction of
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optical losses small compared with the pump parameter
(u>r?) does not affect the total correlation between the ra-
diation noise and the laser pump noise.

From the results of the measurements, the following
conclusions can be drawn.

1. The measurement of the correlation between the noise
of the voltage across the junction and the noise of the laser
photon flux confirm the theoretical conclusion (18) that these
noise signals are negatively correlated in the threshold re-
gion.

2. The measurement of the effect of optical losses on the
correlation spectra (25) and (26) confirms the prediction ob-
tained in Sec. 2.4 that the correlation coefficient does not
change and indicates that neither the low quantum efficiency
of the measurement circuit (7%) nor the introduction of ad-
ditional optical losses destroys the complete negative corre-
lation.
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