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Gaussian generation-recombination is accepted to be a dominant mechanism of current noise source in
quantum well systems biased by electric field normal to the layers. We have found pronouncedly non-Gaussian
excess current noise in n-type and p-type multiple quantum wells. The non-Gaussian noise has been attributed
to metastable spatial configurations of electric field. The metastability likely originates from negative differ-
ential conductance caused by intervalley scattering in n-type wells and heavy and light holes tunneling in
p-type wells. At a constant bias, the quantum well system randomly switches between a high resistivity state
with low current flow and low resistive state with high current flow. The non-Gaussianity of the noise is more
pronounced in p-type wells where the time traces of current fluctuations resemble closely a two-level random
telegraph signal, which has not been straightforwardly observed in n-type wells. The non-Gaussian character of
the noise in n-type systems has been revealed by measurements of nonzero skewness of the amplitude distri-
butions. The difference between noise properties of n- and p-type systems has been attributed to small capture
probability of electrons in n-type wells, as opposed to very high capture probability of holes in p-type wells.
As a consequence, the noise of any p-type multiwell system is dominated by fluctuations of a single well, while
in the n-type the noise appears as a superposition of many fluctuators associated with individual wells.
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I. INTRODUCTION

Noise is frequently regarded only as an annoying nuisance
disturbing the experiment. In reality, noise measurements can
provide a unique insight into the dynamics of the investi-
gated physical system.1 Noise in quantum wells �QWs� and,
in particular, in quantum well infrared photodetectors
�QWIPs� was extensively studied in the last years.2–5 Al-
though the noise measurements were primarily aimed at a
practical goal of optimization of the signal-to-noise ratio in
QWIP devices, they have also significantly contributed to our
understanding of transport processes in QW systems. It is
now generally accepted that generation-recombination �GR�
noise constitutes the dominant source of current fluctuations
in QWs.6,7 In practice, QWs are always biased with a voltage
source. At very low voltages, the current noise in QWs arises
from trapping and detrapping of charge carriers from bound
states.8 At moderate and low bias voltages, the bias depen-
dent GR noise prevails.9–11 At very high bias voltages, 1 / f
noise, associated with the action of electronic defects in QW
systems, appears and becomes most pronounced at low fre-
quencies.

A simple relation based on considerations of statistical
fluctuations of the number of charge carriers due to their
emission and capture by the wells connects the dark current
and the power spectral density �PSD� of the GR noise,4

Si�V� = 4qĪg�1 −
Pc

2
� , �1�

where g is the gain, defined as a probability that a charge

carrier reaches the collector, q is the electron charge, Ī is the
dc current in the system, and Pc is the probability of captur-

ing a carrier from the continuum to a QW. In deriving Eq.
�1�, each well was treated as a discrete independent source of
GR noise. Relation �1� was the subject of controversial dis-
cussions over the years.2–5

The power spectral density of GR noise has a Lorentzian
form. PSD is frequency independent at low frequencies, up
to a cutoff frequency located in the GHz range. Above the
cutoff, the PSD decays as 1 / f2.12

Recently, fast and slow noise components of the current
fluctuations, manifesting themselves as two plateaus in the
PSD of the current noise, were found in quantum wells.13,14

The plateau at higher frequencies originates from a conven-
tional GR mechanism, while the low frequency plateau is
considered to be a signature of an excess noise mechanism.14

Alternatively, the time constant related to the recharging pro-
cess of depleted QWIP wells has been claimed to be respon-
sible for additional low frequency cutoff in the GR noise
spectra.13 The time constant of the recharging process is con-
trolled by the QWIP resistance R and capacitance C. In a
typical QWIP, the time constant is of the order of 10−4 s.
Since the low frequency plateau in the noise PSD appears at
frequencies coinciding with the typical operating frequency
range of practical QWIPs, the excess noise may significantly
deteriorate the performance of QWIP devices. Therefore, un-
derstanding of origins and mechanisms of excess noise be-
comes an important issue also from a practical point of view.

Important information about the physical nature of the
excess noise was obtained in our first experiments when we
have determined that in p-type quantum wells the excess
noise has a non-Gaussian character.14 Consistent with the
central limit theorem, the classical generation-recombination
noise originating from an action of many elementary fluctua-
tors should be characterized by a Gaussian amplitude
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distribution.4,12 Proper characterization of non-Gaussian
noise requires measurements and analysis of higher moments
beyond standard two-point correlations. Nevertheless, just
the mere appearance of non-Gaussian fluctuations already
proves that the excess noise cannot be produced by a com-
bined action of many fluctuators.15 The noise generated by
an assembly of fluctuators should be Gaussian, even if the
elementary fluctuations are not Gaussian. In mesoscopic sys-
tems, the non-Gaussian character of the noise is most com-
monly related to a limited small number of active fluctuators
in the system. In larger samples, the non-Gaussianity of the
noise is a signature of an action of a single or just a handful
of elementary macroscopic fluctuators influencing system
properties on a length scale comparable with the system
size.15,16 The non-Gausssian behavior of the excess noise in-
dicates therefore that a new physical mechanism, beyond the
well known GR noise, dominates current noise in quantum
wells.

The work was motivated by our first experiments in
which non-Gaussian noise in p-type wells was initially
observed.14 In this paper, we characterize in detail noise
properties of both p- and n-type quantum wells and find the
pronounced non-Gaussian current at moderate bias voltages
in both types of QW. We interpret the results in terms of
switching between metastable electric field distributions in
the investigated systems. Even if the non-Gaussian current
noise was found to be always much more pronounced in
p-type wells, our results prove that additional noise source
beyond the standard GR noise dominates noise properties of
both n- and p-type QWIPs at moderate bias.

II. EXPERIMENT

Mesa QWs of n and p type were grown by metal-organic
chemical-vapor deposition on �100� semi-insulating GaAs
substrates. Both types of structures have a diameter of
200 �m and consist of five periods of 4.6 nm GaAs wells
doped at 5�1017 cm−3 separated by 50 nm undoped AlGaAs
30% Al barriers. The areas under 500 nm width top and bot-
tom Ohmic contacts are doped at 2�1018 cm−3 and are sepa-
rated by a 100 nm spacer of undoped GaAs. The GaAs cap
layer was grown at 650 °C, while all the other layers were
shown at 750 °C. Vacuum evaporated Ge /Au contacts for n
type and Zn /Au contact for p type were alloyed at 430 °C.

All measurements reported in this paper were performed
exclusively at liquid nitrogen temperature, with the samples
immersed directly in a liquid nitrogen bath. Special care was
taken to eliminate parasitic noise contributions from ambient
electromagnetic fields by extensive shielding and grounding
arrangements. The sample was dc voltage biased by a high
capacity battery. The resulting current was delivered to the
input circuit of a homemade transimpedance current ampli-
fier placed at the top of the cryostat at room temperature. The
amplified current signal was analyzed in time and frequency
domain by a computer assisted dynamic signal analyzer. The
performance of the entire measuring system was checked by
replacing a QWIP with a dummy resistor having the same
resistance as the QWIP at a given temperature. The resistor
and system noise were subtracted from the total noise for
each voltage and temperature.

III. RESULTS

The measurements reported in this paper were performed
with samples maintained in liquid nitrogen at 77 K. In this
context, the term “dark conditions” will mean that the
sample is exposed to the radiation of thermal surroundings of
77 K. Alternatively, the samples were exposed to the external
blackbody radiation of 300 and 1000 K.

A. Noise spectra

Power spectral density of the dark current noise in p-type
QWs recorded at various positive voltages is shown in Fig.
1. The noise spectrum is frequency independent up to a
clearly marked cutoff frequency. At frequencies above the
cutoff, the PSD of the current noise decays to yet another
high frequency plateau. At intermediate voltages, where the
excess noise is most pronounced, the decay above the cutoff
is approximately proportional to f−2.

The bias dependence of dark current noise in n-type QWs
is illustrated in Fig. 2. The fastest decay of the PSD is seen at
−2.2 V, where PSD decays above the cutoff frequency as
f−1.5. In general, the decay rates and differences between the
high and low frequency plateaus in n-type QWs are signifi-
cantly smaller than in p-type QWs.
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FIG. 1. Power spectral density of current noise in a p-type QW

system under dark conditions for different bias voltages.
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FIG. 2. Power spectral density of current noise in n-type QW
system at 77 K.
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B. I-V characteristics

P-type QWIPs are characterized by very high capture
probability and, consequently, by very low gain. In the
n-type QWIPs, the capture probability is lower than in the
p-type devices and, as a result, tunneling is less crucial.
Since the n-type QWs have higher gain, practical devices are
usually based on n-doped systems.

An example of typical I-V characteristics of a p-type QW
system under dark conditions �i.e., exposed to the back-
ground radiation of 77 K� is shown in Fig. 3. At high volt-
ages, the I-V curves can be well fitted to the exponential
growth law,

I = I0 exp���V�� , �2�

with exponent �=2.5 V−1 at the positive voltage branch and
�=1.8 V−1 at the negative one. At low voltages, the curve is
asymmetric and deviates from a purely exponential behavior.
Moreover, a clear bump is seen in negative voltages around
−1.2 V.

Typical I-V characteristics of an n-type well system under
dark conditions and under illumination by 300 K background
and by 1000 K blackbody radiation are shown in Fig. 4.
Similar to p-type QWs, current in n-type QWs increases ex-
ponentially with increasing voltage. Under dark conditions,

the exponential fit to Eq. �2� �=1.2 V−1 for negative volt-
ages �V��3.5 V. In the bias range 2 V� �V��3.2 V, the ex-
ponent is approximately constant and takes a value of �
�0.7 V−1. At intermediate voltages, I-V characteristics of
n-type QWs also deviate from a purely exponential behavior.
Moreover, in n-type QWs, a pronounced current plateau ap-
pears in the I-V curves at intermediate voltages under
1000 K blackbody illumination. Deviations from the expo-
nential behavior of the I-V characteristics in n-type quantum
wells have been previously associated with gain changes,
tunneling effects, and appearance of negative differential
resistance.17,18

C. Statistical analysis of current fluctuations in time domain

Already, our first experiments have shown that the low
frequency excess current noise has a non-Gaussian
character.14 For the Gaussian noise, all higher order time
correlation functions and any of their Fourier relatives are
fully determined by two-point correlation and corresponding
PSD functions. Therefore, all available information about the
process is obtainable from the PSD. A proper analysis of
non-Gaussian fluctuations requires a determination of higher
order statistics. Accordingly, a correct proof of the non-
Gaussian character of the noise should come from appropri-
ate statistical tests involving measurements of higher mo-
ments. However, the non-Gaussian character of the excess
noise in p-type QWs is so pronounced that it can be asserted
directly from the time records of the fluctuating current, even
without performing proper statistical tests.

1. Random telegraph noise

It follows from Figs. 1 and 2 that with increasing bias, the
low frequency noise increases above the expected GR high
frequency plateau level. Nevertheless, at very low voltages,
the excess noise in QWs is still very weak and the distribu-
tion of the time domain dark current fluctuations appears as
Gaussian. In p-type wells at intermediate voltages, at which
the I-V curves strongly deviate from the exponential behav-
ior, the distribution of the current fluctuations becomes pro-
nouncedly non-Gaussian.14 In this bias range time traces of
the p-type current noise resemble closely the two-level ran-
dom telegraph noise �RTN�.19 The experimental amplitude
distribution of the current noise can be fitted with two Gauss-
ian distributions, each centered at the corresponding RTN
level, as shown in Fig. 5. Here, the RTN up state corresponds
to a high current level, while the down RTN state to a low
current level. Since the sample is biased with a constant volt-
age, transitions from high to low current state are, in fact,
transitions from low to high resistance state of the QW sys-
tem. With further bias increase, the relative difference be-
tween the excess noise level and the GR plateau level in the
measured PSDs diminishes and the non-Gaussian character
of the noise becomes less visible. Eventually, at high bias
voltages the noise amplitude distribution returns to be again
undistinguishable from the Gaussian one.

The two-level fluctuations of the dark current differ from
the canonical RTN noise by the fact that in the observed time
traces, the time of transition between the levels �t

-3 -2 -1 0 1 2 310-1

101

103

105

C
ur
re
nt
(n
A
)

Voltage (V)

FIG. 3. Dark current of a p-type QW system as a function of the
bias voltage. The dashed line represents the best fit to Eq. �2�.
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FIG. 4. I-V characteristics of n-type QWs at 77 K illuminated
by 77, 300, and 1000 K radiation.
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�0.05 ms� is not negligibly short with respect to the lifetime
of the system in each level. Nevertheless, as in the classical
RTN signal, the lifetimes at both levels of the current noise
were found to be Poisson distributed, as shown in Fig. 5�b�.
The average lifetime in each state can be obtained by deter-
mining the constant of the exponential decay of the experi-
mental time distributions �yielding the same result as by av-
eraging over the measured lifetimes�. For example, thus
determined average lifetime of the up state at −2.5 V is �up
=0.28 ms, which is longer than the average lifetime of the
down state �dn=0.16 ms. It means that at −2.5 V, the system
stays predominantly in the low resistance up state. The sym-
metry of the RTN-like signal changes strongly with bias. At
low voltages, the system stays predominantly in the high
resistance down state while at high voltages, predominantly
in the low resistance up state. The excess noise contribution
to the total noise reaches the maximum at voltages for which
�up=�dn, consistent with the properties of the classical
RTN.19

2. Skewness

The asymmetry of a distribution is characterized by the
normalized skewness �i=1

N �xi−��3 /N�3, i.e., the third mo-
ment �i=1

N �xi−��3 /N normalized to the third power of the
standard deviation �3. If the distribution is skewed posi-
tively, its mean will be larger than its median. The opposite is
true for negative skewness. Gaussian noise has a zero third
moment since the existence of the third moment is related to
the breaking of time reversal symmetry. In this sense, mea-

surements of the nonzero skewness are proper indications of
the non-Gaussian character of the noise.

The bias dependence of the normalized skewness of the
current noise in p-type QW is shown in Fig. 6. The change
from a positive to a negative skewness around V=−2.5 V
occurs at the same bias at which �up��dn and excess noise
reaches its peak value.

In n-type QWs, the appearance of a low frequency plateau
in the noise PSD has been observed at all illumination levels.
However, the non-Gaussian character of the noise could have
been clearly revealed only under illumination by 1000 K
blackbody radiation. Moreover, in a marked difference to the
noise seen in p-type QWs, no clear RTN-like wave forms
appear in the current noise time traces even under 1000 K
illumination. The non-Gaussian character of the photocurrent
noise in n-type wells was therefore verified by measurements
of the nonzero skewness shown in Fig. 7. Notice that the
strength of the non-Gaussian character of the noise changes
with changing bias. Similar to the case of p-type QWs, the
bias dependence of the noise skewness in n-type QWs ex-
hibits one negative and one positive maximum. The zero
skewness at V=−2.8 V in between the peaks corresponds to
the maximum of excess current noise, as it was in p-type
QWs.
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FIG. 5. �a� Real time records of dark current fluctuations at V
=−2.5 V for a p-type QW system. �b� Amplitude distribution in the
record shown in �a�. The lines represent the best fit to two overlap-
ping Gaussian distributions. Lifetime distribution of the �c� down
state and �d� up state of the RTN-like signal from panel �a�. The
dashed lines are fits to the Poisson distribution.
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FIG. 6. Skewness of the amplitude distribution of dark current
noise in a p-type QWIP as a function of bias voltage.
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FIG. 7. Normalized skewness of an n-type QW system illumi-
nated by 1000 K blackbody radiation as a function of the bias volt-
age. Note that at low and high voltages, the skewness approaches
zero, as deviations from the Gaussian character of the noise become
negligible.
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3. Standard deviation

The possibility of fitting noise amplitude distributions in
p-type QWs to two overlapping Gaussian distributions en-
ables one to easily determine the standard deviation � of the
noise at each RTN-like level. The experimentally determined
� increases exponentially with increasing bias following the
law

� = �0 exp���V�� . �3�

The fit of the experimental data to Eq. �3� is shown in Fig. 8.
For negative voltages, the fit to the down level noise yields
�=1.2 V−1. The standard deviation of the noise around the
up level grows exponentially with �=0.6 V−1 for voltages
below −2.5 V and with �=1.3 V−1 for negative voltages
above −2.5 V.

According to Eq. �1�, the variance of GR noise is propor-
tional to the current. The standard deviation �=	Si�V�	f
should be therefore proportional to the square root of the
current. In the bias range of exponential I-V curves, the value
of � is expected to be close to half of the value of �. This is
true for low and high voltages. Different � values obtained at
the measured voltages confirm that an additional noise
mechanism, beyond the standard GR noise, contributes sig-
nificantly to the dark current fluctuations in the system

Figure 9 illustrates the bias dependence of the standard
deviation of current noise in the n-type QW system in dark
conditions and under illumination by a blackbody radiation
of 300 and 1000 K. The standard deviation of the dark cur-
rent noise also increases exponentially with increasing bias.
For voltages below 1.4 V and above 3.5 V, the dark current
noise � fits Eq. �3� with �=0.56 V−1. Consistent with the
predictions for the GR noise, this � is close to half of the
value of the exponent � derived from fitting I-V characteris-
tics to Eq. �2�. However, at intermediate voltages, �
=0.25 V−1, which is only about one-third of the � parameter.
Again, the fact that � is smaller than the expected GR value
is a clear indication of a deviation from a pure GR Gaussian
noise in the bias range where the excess noise appears. This
proves that even in dark conditions the excess noise, differ-
ent from the GR fluctuations, is present in the system even if

its non-Gaussian character cannot be straightforwardly de-
tected by the means employed in our experiments.

Under illumination of the blackbody radiation, the stan-
dard deviation of the current noise in n-type QWs increases
with increasing illumination level and deviates even stronger
from the predictions of the GR model. For low negative volt-
ages of 0.7 V� �V��1.2 V, the � under illumination fits Eq.
�3� with �=1.35 V−1. This � is about half of the value of
�=2.77 V−1 derived from fitting the I-V curves measured
under illumination to Eq. �2�. For intermediate voltages cor-
responding to the bias range of the current plateau in the I-V
characteristics, deviations from the expected GR noise be-
havior became evident, and a smaller exponent �=0.7 V−1 is
obtained.

D. Hysteretic behavior of I-V characteristics

If the appearance of the non-Gaussian excess current
noise is associated with transitions between metastable resis-
tance states in the system, then one should expect an appear-
ance of a hysteretic behavior in I-V curves in the bias range
at which the excess noise is clearly visible. The hysteresis
should be seen for sufficiently fast bias changes, which pre-
vent the system from decaying to the equilibrium state. In-
deed, such behavior was experimentally observed in n-type
QWs for both positive and negative biases. Figure 10 shows
I-V curves recorded under 1000 K blackbody radiation for
increasing and decreasing negative biases. At intermediate
voltages, within the plateau range, the I-V curves show a
clear hysteretic behavior which, as expected, disappears at
higher and lower voltages.

The hysteretic I-V behavior shown in Fig. 10 is consistent
with a simple model of two metastable conductivity states.
At high voltages, the QW system prefers to stay mainly in
the up state, while at low voltages the system is mainly in the
down state. When the sweep starts at high voltages and goes
toward lower voltages, the system remains in nonequillib-
rium low resistivity, high current up state. Conversely, for the
increasing voltage, the system remains in the high resistivity,
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FIG. 8. Standard deviation of the current noise in a p-type
QWIP at the up �full symbols� and down level �empty symbols� as
a function of voltage. The dashed and dotted lines show the best fit
of the data to an exponential growth in Eq. �3�.
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low current down state. With increase of the illumination
level, the hysteresis becomes more pronounced. In this case,
the metastability � and associated non-Gaussian effects be-
come stronger.

IV. DISCUSSION

Our experiments show that excess non-Gaussian current
noise appears in both n- and p-type QWs and that spectral
properties of the excess noise in both types of QWs are simi-
lar. In both cases, the PSD plateau at high frequencies rep-
resents the true GR noise level, while the low frequency
plateau appears due to additional excess noise processes.
This conclusion is supported by the fact that the level of the
high frequency PSD plateau increases with increasing bias.
We have verified that at voltages at which the high frequency
plateau is fully developed within our experimental frequency
bandwidth, the level of the GR plateau increases exponen-
tially with increasing bias, following SI�V�=S0 exp�
�V��,
with 
 being close to the value of the exponent � obtained
from fitting the I-V curves to Eq. �2�, exactly as expected for
the GR noise.

I-V measurements have revealed that strong non-Gaussian
noise shows out at voltages at which I-V characteristics de-
viate from a purely exponential behavior. Moreover, in the
same voltage range, the value of the experimentally deter-
mined exponent in exponential bias dependence of standard
deviation is smaller than the one expected for the GR noise
mechanism in both types of QW. We conclude that the addi-
tional noise mechanism is responsible for excess noise in
both p- and n-type quantum wells.

A. Metastability of electric field distribution as a source
of non-Gaussian noise in quantum wells

For both types of wells, the appearance of metastable dis-
tributions of electric field seems to be a general source of
excess non-Gaussian noise. At certain voltages, more than

one potential distribution may possibly appear in the QW
system. Such multiple potential distributions are responsible
for the existence of metastable current states in the system.
The nonlinear behavior due to tunneling or impact ionization
induces changes in the gain. Two or more field distributions
may appear for the same potential difference between the
collector and emitter �the same bias�, as illustrated schemati-
cally in Fig. 11�a�.

In n-type wells exposed to external radiation, the addi-
tional noise can be associated with the processes of interval-
ley scattering resulting in two or more possible solutions to
the current continuity equation
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FIG. 11. �a� Example of two possible potential distributions in a
QW system at the same bias voltage. Random switching between
them induces non-Gaussian current noise. X labels the position,
QW1 and QW2 indicate two QW barriers, and I is the current
crossing the two-well system. �b� Physical meaning of the quantities
used in the continuity equation 
Eq. �4�� in a one-well system. E
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well capture probability, and d the barrier thickness. �c� In the sys-
tem in which current grows monotonically with increasing bias and
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solutions to the continuity equation in a single quantum well. I-V
with the negative conductance regime is therefore a sufficient con-
dition of appearance of excess non-Gaussian current noise.
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Iin = �1 − Pc�Iin + Iw, �4�

where the physical nature of currents listed in the continuity
equation is illustrated in Fig. 11�b� and Pc �Pc�1� is the
well capture probability. Each solution is linked with a dif-
ferent potential distribution in the system, corresponding to a
different resistance of the system and, consequently, to a dif-
ferent current flow in a device. The discussed solutions are
metastable, and random switching between them is the most
probable mechanism of the observed non-Gaussian excess
current noise.

The appearance of the negative differential conductivity
�NDC� regime in the QW I-V curves is a sufficient condition
for the appearance of non-Gaussian noise in a single quan-
tum well. The continuity equation 
Eq. �4�� states that the
current injected to the well PIin should be equal to the cur-
rent coming outside of the well Iw 
see Fig. 11�b��. The total
voltage drop V across a system composed of a single well
and two barriers, each having the same thickness d, will be
the sum of the voltage drop across the first and second bar-
riers, respectively, V=dE1+dE2, where E1 and E2 are electric
fields in the relevant barrier. Usually, the current in a QW is
exponentially proportional to the electric field. For a fixed
bias voltage V, the field E2 will grow with increasing Iw,
while Iin will decrease because E1=V /d−E2. In the absence
of the NDC regime, the current Iw will increase monotoni-
cally with increasing bias voltage and the continuity equation
will have only a single solution, as shown schematically in
Fig. 11�c�. In a marked difference, the appearance of the
NDC leads to a nonmonotonic behavior of Iw �or Iin�, which,
in turn, allows for two metastable solutions to Eq. �4�, as
shown schematically in Fig. 11�d�.

In bulk GaAs, NDC appears as a result of intervalley
scattering between �, L, and X conduction energy bands. In
QW systems, miniband tunneling20,21 and intervalley scatter-
ing in barrier regions can significantly reduce current coming
out from the wells at certain voltages. The voltage at which
NDC will appear depends on the bulk properties of the ma-
terial from which wells and barriers are fabricated and on the
spatial configuration of QWs.18,19 In this case, the source of
current fluctuations can be a transition of the charge carriers
to the lower mobility band.22–24 Additionally, under strong
illumination, the intervalley scattering in n-type QWs may
generate electric field domains associated with NDC, which
leads to further enhancement of the non-Gaussian component
of the current noise.25,26

Above a certain threshold impact, ionization27,28 could re-
sult in additional two-step-like noise. The ionization process
depletes the wells, changing the voltage distribution to the
dash distribution of Fig. 11�a�, which is the high current
metastable state. Small fluctuation in the recharging process
of one well can increase the charge in that well, changing the
voltage distribution to a state where the voltage is below the
impact ionization threshold. In this state, the current is low
and the voltage distribution follows Fig. 11�a� �solid line�.

B. Difference in noise behavior between p- and n-type
quantum wells

Due to the high effective mass of charge carriers, the cap-
ture probability in p-type QWs is close to unity. As a conse-

quence, fluctuations of current coming out from a single well
can dominate the current noise of the entire system. The
non-Gaussianity of the noise in p-type QWs is therefore due
to a dominating single elementary fluctuator associated with
a single well, and RTN-like fluctuations appear in time traces
of the total current noise. Difference in the rates of tunneling
for light and heavy holes may cause nonlinear behavior and
appearance of metastable solutions to the continuity equation
at intermediate voltages. The RTN noise is known to have
Lorentzian PSD, which decays as f−2 above the cutoff fre-
quency, determined by the average lifetimes in both RTN
states fc=1 /�up+1 /�dn. This type of spectral behavior can be
seen in PSD of the current noise of p-type device at V
=2.5 V in Fig. 1. Note that in the scenario of RTN-like
jumps between high and low metastable current states, the
change of the electric field distribution is almost instanta-
neous, while the current responds within the recharging RC
time constant, as indeed seen in the experiments.

N-type QWs have significantly higher gain than the
p-type well, and all QWs of the device contribute to the
current noise. Possible non-Gaussian current fluctuations of
individual wells are incoherently superimposed. As a result,
measurable manifestations of non-Gaussian noise in n-type
QWs can be seen only in nonzero skewness of the noise
amplitude distributions recorded under illumination �see Fig.
7�. Moreover, the metastable potential distributions in n-type
QWs can be associated with the NDC regime and strong
nonlinearity of I-V curves, which are stronger under illumi-
nation.

Skewness, or the normalized third moment, exhibits a
positive peak at −2.2 V and a negative one at −3.4 V, and a
secondary maximum at −1.8 V. The skewness reaches zero
at V=−2.8 V, but the kurtosis �fourth moment� of the distri-
bution at this bias is markedly different from the Gaussian
value. The zero skewness voltage coincides with the voltage
of the maxima in dynamic resistivity peak and normalized
PSD. Voltage shift at high illumination levels can be attrib-
uted to changes in the electric field distribution induced by
the illumination. With increasing illumination temperature,
the electric field in the barriers close to the emitter becomes
higher, while that in the barriers closer to the collector
decreases.25 Thus, an extra voltage is needed for the wells
closer to the collector to contribute to the fluctuations.

Modifications of I-V curves induced by external illumina-
tion, illustrated previously in Fig. 4, can be better seen in the
plots of voltage dependence of the differential resistance 
=dV /dI shown in Fig. 12�a�. The nonmonotonic behavior of
 seen at all illumination levels becomes significantly en-
hanced with increasing illumination level. Moreover, volt-
ages at which the maxima of differential resistance appear,
change with changing illumination level. At 77 K, the maxi-
mum is located at −2.2 V, while for 300 and 1000 K illumi-
nation, the peak shifts up to −2.8 V.

Figure 12�b� shows the voltage dependence of the level of
the low frequency plateau in current noise PSD normalized
to the square of the dc current, Si=SI / I2. The maximum of
the noise coincides here with the center of the current plateau
in I-V curves, clearly indicating that additional noise sources
are active in the intermediate bias range. Bias dependence of
the differential resistance provides yet another connection

MEASUREMENTS OF NON-GAUSSIAN NOISE IN QUANTUM… PHYSICAL REVIEW B 76, 235308 �2007�

235308-7



between the excess noise and the NDC regime. The voltage
at which the normalized PSD reaches the maximum coin-
cides with the voltage at which differential resistivity in
n-type QW system goes through a maximum.

Current plateaus and the differential resistivity maxima,
which can be related to intervalley scattering,20 are more
pronounced at negative bias voltages. The asymmetry be-
tween positive and negative voltages may be attributed to
differences between barriers of the emitter and collector or to
asymmetric doping.21

The gain in n-type QWs calculated using Eq. �1� for dark
conditions and for the 300 K illumination case is plotted in
Fig. 13 as a function of bias voltage. The character of the
dependence is very similar to that of Fig. 12. One can there-
fore relate low frequency noise to the nonlinear behavior of
the gain, which is consistent with the intervalley scattering
scenario.20,21 Under illumination conditions, the shape of the
bias dependence of the gain in Fig. 13 resembles the shape of
the bias dependence of the standard deviation in Fig. 9. This
additionally supports the conclusion that intervalley scatter-
ing is responsible for non-Gaussian noise in n-type QWs.

V. CONCLUSIONS

We have observed non-Gaussian noise components in
both n-type and p-type quantum wells. The non-Gaussian
character of the noise is significantly more pronounced in
p-type wells where clear random telegraphlike fluctuations
appear in time domain records of current fluctuations. In
n-type wells, non-Gaussianity of the noise has been demon-

strated by measurements of the nonzero third moment. We
attribute different degrees of non-Gaussian character of the
noise to different capture probabilities in both types of wells.
The noise can be related to a nonlinear behavior of the gain,
resulting in metastable potential distributions. In the p type,
the nonlinearity can be attributed to the difference in tunnel-
ing rates for light and heavy holes. For n-type wells, the
intervalley scattering seems to be the dominant reason for the
appearance of the nonlinear gain. In both cases, additional
non-Gaussian noise can originate from impact ionization.
Our five-well sample creates several possible voltage distri-
butions. In that way, in order to differentiate between the
suggested mechanisms, experiments on a one-well sample
should be done.

The appearance of non-Gaussian noise is attributed to two
solutions of the continuity equation in the NDC regime, al-
lowing for the existence of two metastable spatial voltage
distributions. Two distinct spatial voltage distributions under
a constant external bias voltage correspond to two possible
states of the system: a high resistivity state with low current
and a low resistivity state with high current. Each state is
characterized by its specific bias dependent average lifetime.
The finite time of transition between the metastable states,
which is not negligible with respect to the average lifetimes,
is determined by the charging time constant by the capaci-
tance and resistance of the QW system.

For practical purposes, at the nonexponential regime of
the current, where we have negative differential gain, excess
noise could appear. In those regimes, the noise will reduce
the signal-to-noise ratio, reducing the device function ability.
A change in the operating voltage moving out of the meta-
stable area will improve the signal-to-noise ratio.

ACKNOWLEDGMENT

This work was supported by the Israeli Ministry of Sci-
ence Tashtit Program 3444.

107

109

1011

-5 -4 -3 -2 -1 0

2x10-10

3x10-10

4x10-10 (b)

Voltage (V)

dV
/d
I
(Ω
)

1000K
300K
77K

S I
/I2
[1
/H
z]

(a)

FIG. 12. �a� Differential resistance of n-type QWs illuminated
by 77, 300, and 1000 K radiation. �b� Bias dependence of the nor-
malized PSD, Si=SI / I2 at 100 Hz for 77 K background radiation.

-4 -2 0

0,3

0,6

0,9

1,2

-4 -2 0

0,6

1,2

77K

G
ai
n

Voltage (V)

300K

FIG. 13. Gain of n-type QWs in dark conditions and under
illumination by 300 K background radiation.

BEN SIMON et al. PHYSICAL REVIEW B 76, 235308 �2007�

235308-8



1 M. B. Weissman, Annu. Rev. Mater. Sci. 26, 395 �1996�.
2 H. C. Liu, Appl. Phys. Lett. 61, 2703 �1992�.
3 B. F. Levine, A. Zussman, S. D. Gunapala, M. T. Asom, J. M.

Kuo, and W. S. Hobson, J. Appl. Phys. 72, 4429 �1992�.
4 W. A. Beck, Appl. Phys. Lett. 63, 3589 �1993�.
5 C. Schönbein, H. Schneider, R. Rehm, and M. Walther, Appl.

Phys. Lett. 73, 1251 �1998�.
6 A. Carbone, R. Introzzi, and H. C. Liu, Infrared Phys. Technol.

44, 363 �2003�.
7 M. Ershov, J. Appl. Phys. 89, 6253 �2001�.
8 A. Rose, Concepts in Photoconductivity and Allied Problems

�Wiley-Interscience, New York, 1963�.
9 D. C. Wang, G. Bosman, and S. S. Li, Appl. Phys. Lett. 65, 186

�1994�.
10 D. C. Wang, G. Bosman, Y. H. Wang, and S. S. Li, J. Appl. Phys.

77, 1107 �1995�.
11 R. Rehm, H. Schneider, C. Schönbein, and M. Walther, Physica E

�Amsterdam� 7, 124 �2000�.
12 A. Van Der Ziel, Noise; Sources, Characterization, Measurement

�Prentice-Hall, New Jersey, 1970�.
13 R. Rehm, H. Schneider, M. Wakther, and P. Koidl, Appl. Phys.

Lett. 80, 862 �2001�.
14 Y. Paltiel, N. Snapi, A. Zussman, and G. Jung, Appl. Phys. Lett.

87, 231103 �2005�.
15 M. B. Weissman, Rev. Mod. Phys. 60, 537 �1988�.
16 P. J. Restle, R. J. Hamilton, M. B. Weissman, and M. S. Love,

Phys. Rev. B 31, 2254 �1985�.
17 H. Schneider, C. Mermelstein, R. Rehm, C. Schönbein, A. Sa’ar,

and M. Walther, Phys. Rev. B 57, R15096 �1998�.
18 H. Schneider, C. Schönbein, R. Rehm, M. Walther, and P. Koidl,

Appl. Phys. Lett. 88, 051114 �2006�.
19 S. Machlup, J. Appl. Phys. 25, 341 �1954�.
20 B. G. Bosch and R. W. H. Engelmann, Gunn-Effect Electronics

�Pitman, London, 1975�.
21 Jiang Zongfu and Ma Benkun, Phys. Rev. B 44, 11072 �1991�.
22 R. Tsu and G. Dohler, Phys. Rev. B 12, 680 �1975�.
23 K. K. Choi, B. F. Levine, R. J. Malik, J. Walker, and C. G.

Bethea, Phys. Rev. B 35, 4172 �1987�.
24 E. Rosencher, F. Luc, P. Bois, and S. Delaitre, Appl. Phys. Lett.

61, 468 �1992�.
25 L. Thibaudeau, P. Bois and J. Y. Duboz, J. Appl. Phys. 79, 446

�1995�.
26 S. Ehret, H. Schneider, C. Schönbein, G. Bihlmann, and J. Fleiss-

ner, Appl. Phys. Lett. 69, 931 �1996�.
27 H. Shichijo and K. Hess, Phys. Rev. B 23, 4197 �1981�.
28 H. Schneider, Appl. Phys. Lett. 82, 4376 �2003�.

MEASUREMENTS OF NON-GAUSSIAN NOISE IN QUANTUM… PHYSICAL REVIEW B 76, 235308 �2007�

235308-9


