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Spatially resolved low-frequency noise measured by atomic force microscopy
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We report spatially resolved charge noise measurements on semiconductor samples by atomic force micros-
copy. We observed charge noise induced by light illumination on an InP/InGaAs heterostructure with surface
InAs quantum dots and a buried two-dimensional electron gas. The observed noise exhibits generation-
recombination noise or random telegraph noise depending on light intensity and bias voltage. A spatial reso-
lution better than 20 nm was demonstrated by comparing the noise on and off the InAs quantum dots. The
approach enables the localization of individual traps and will aid in understanding noise mechanisms.
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A detailed understanding of electrical noise is essential for
improving the performance and reliability of semiconductor
devices. Particularly detrimental, especially when using
small volumes, are types of noise that arise due to localized
energy states which act as charge traps. Noise arising from
trapping and detrapping of charge, known as generation-
recombination (G-R) noise,! has been of fundamental impor-
tance in developing electrical devices.>? G-R noise has a
Lorentzian frequency spectrum with increasing amplitude at
lower frequency, thus having greater effect on low-frequency
performance. Nanometer scale devices containing a single or
few traps often exhibit random telegraph noise (RTN), a
form of G-R noise, which can drastically affect the operation
of such small devices. G-R noise can be used to study the
properties of charge traps.” However conventional noise
measurements are performed by electric transport measure-
ments which give only spatially averaged information from
various trapped charges and very limited information about
the location of each trap even if a single trap is involved.

Scanning tunneling microscopy has been used for spa-
tially mapping charge trapping events.*~” However, this tech-
nique is limited to traps located near noninsulating surfaces
because a tunneling current of at least several picoamperes is
typically required. Another way of measuring low-frequency
noise is with sensitive electrometers which detect the fluc-
tuation in electrostatic potential associated with charge
trapping/detrapping events.®® Noise measurements using
such electrometers were performed using a single-electron
transistor'®!" or quantum point contact'>!? placed nearby the
device under test. A scanning electrometer based on the in-
teger quantum Hall effect was devised and applied to local
noise-voltage mapping.'+!

It is known that electrostatic force detection by atomic
force microscopy (AFM) can also be used as an electrometer
with single-electron sensitivity.'*~!® The long-range nature of
the electrostatic force enables the detection of charge traps
residing not only on the sample surface but also in the bulk."”
This method does not require a current passed through the
sample, simplifying noise interpretation as conducting leads
often contribute to electrical noise.

By using electrostatic force detection with AFM, called
electrostatic force microscopy (EFM), we observed local
charge noise induced by light illumination on an InP/InGaAs
heterostructure with surface InAs quantum dots (QDs) and a
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buried two-dimensional electron gas. We studied self-
assembled InAs QDs on InP grown by chemical beam
epitaxy.?? The structure consists of 460 nm undoped InP
grown on top of an InP substrate, followed by a 10 nm Si-
doped InP layer, 10 nm undoped layer, 20 nm Inj 53Gag 47As
layer, 20 nm undoped layer, and finally a 1.82 ML InAs layer
which forms the InAs QDs. The typical base diameter and
height of the QDs are 50 and 10 nm, respectively. Electrical
contact to the sample was made to the two-dimensional elec-
tron gas formed in the Ing 53Gag 47As layer (20 nm below the
surface) by indium diffusion. All reported dc bias voltages V;
were applied to this back electrode with respect to the
grounded cantilever.

The experiments were performed with our homebuilt 4 K
AFM.?! Commercially available Si AFM cantilevers?® were
sputter coated with a 10 nm Ti layer followed by 20 nm Pt
layer to ensure good electrical conduction and to exclude any
photoinduced effects in the tip. The radius of the coated tip
was approximately 10-15 nm. The coated cantilevers typi-
cally show a quality factor of ~100 000 and ~30 000, in
vacuum (1 X 10 mbar), at 4.5 and 77 K, respectively. The
AFM is equipped with two optical fibers. The first (1550 nm
light) detects cantilever deflection with a fiber-optic
interferometer,”> while the second (780 nm light) is directed
toward the sample surface with a maximum intensity of
~150 nW/mm?. The 780 nm light has energy larger than
the band gaps of InAs and InP. The AFM was operated in
frequency modulation (FM) mode.?* The experiments were
performed at 4.5 and 77 K.

Figure 1 shows topographic images with the illumination
(a) off and (b) on. We refer to these images as “EFM topog-
raphy” because each line scan represents a profile of constant
electrostatic force (constant Af) induced by an applied dc
bias V,. Imaging the surface while the laser was on showed
many streaks, in the fast scan direction, that were not present
when the laser was off. The streaks mostly disappear in the
images where the applied sample bias voltage V, cancels the
tip-sample contact potential difference (CPD) thereby mini-
mizing the electrostatic force; this indicates that the streaks
are due to noise in the electrostatic force.

After positioning the cantilever tip over one location, the
time trace of the resonance frequency shift Af was acquired
for 10 s (with 1 kHz sampling rate) at a constant tip height
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FIG. 1. EFM topography images taken with laser (a) off and (b)
on. Both images were taken in constant frequency shift mode (Af
=-31.66 Hz) with V;=2 V at 4.5 K. Scale bars=200 nm. The
EFM image with the laser on (b) shows noise (streaks) along the
fast scan (horizontal) direction. This noise is characterized by mea-
suring Af over the wetting layer [center circle in (a)] and the quan-
tum dot [lower circle in (a)] at a constant height for 10 s. The PSD
spectra (Sxz/A f2) of the Af shows increased low-frequency
(<100 Hz) noise with laser irradiation only (c) over the wetting
layer and not (d) over the quantum dot. This noise follows a 1/f2
dependence which indicates generation-recombination noise.

with laser off and on, at different V,, and laser intensities,
over the wetting layer (WL) and over the QD. The power
spectral density (PSD) of the acquired Af taken over the WL
and over an InAs QD for a V,=2 V are shown in Figs. 1(c)
and 1(d), respectively.25 Over the WL, a clear increase in
low-frequency noise is observed upon laser irradiation. This
noise follows a 1/f? dependence which agrees with a Lorent-
zian spectrum indicating G-R noise.> The PSD spectra over
the QD, however, show no change upon laser irradiation for
all applied laser intensities and V despite the smaller band
gap of InAs compared to InP.

We can estimate the spatial resolution of this technique by
taking advantage of the lack of G-R noise over the QD. By
first positioning the tip over the QD and then measuring Af
in 20 nm steps until the tip is over the WL (Fig. 2), we find
a clear increase in the noise which corresponds to leaving the
edge of the QD in just one step as shown in the inset. Thus,
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FIG. 2. (Color online) PSD spectra measured at locations indi-
cated by squares with the same color (and letter) shown in the EFM
topography image of an InAs quantum dot (inset). Leaving the
quantum dot results in the appearance of generation-recombination
noise as marked by the approximate —2 slope of the PSD. The data
was taken with V=2 V at 77 K.

the resolution of this technique is at least 20 nm which is on
the order of the tip diameter.

In some sample locations, for small laser intensities
and/or small V, it becomes possible to detect few fluctuating
charge traps resulting in the Af signal resembling RTN. Fig-
ure 3 shows an example of this for V,=—1 V where three
levels are clearly identified. A system with three levels could
represent two charge traps with similar potential barriers
such that the three possibilities: both empty, both filled, or
only one trap empty creates three separate states for the sys-
tem.

We attribute the observed noise to the following two
mechanisms: statistical fluctuations in the number of photo-
excited electron-hole pairs and the electron trapping and de-
trapping in localized defect states. In both cases, electron-
hole pairs are created by super-band-gap light illumination
but recombine either directly or through recombination cen-
ters, respectively. In the first mechanism, generation and re-
combination of electron-hole pairs occurs over the entire WL
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FIG. 3. The Af measured over the wetting layer at 4.5 K with
V,=—1 V and under laser irradiation. Over this time scale the Af
resembles a multileveled random telegraph signal.
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because the process is a band-to-band transition. The fluctua-
tion in the number of electron-hole pairs causes fluctuations
in the local band bending, which directly affects the electro-
static force. Generated electron-hole pairs are spatially sepa-
rated by the built-in electric field leading to a relaxation of
the band bending. This process explains the observed streaks
which cover the entire WL. The second mechanism is re-
sponsible for RTN, as only a few fluctuators are detected
when the cantilever tip happens to probe spatially localized
trapping centers.

The lack of G-R noise over the QDs can be explained by
quantum confinement. The QDs have a confinement energy
which is large enough to prevent the separation of charge
pairs so that super-band-gap irradiation will not alter the lo-
cal band-bending on the QD?*?” and thus no G-R noise is
detected with EFM. This observation also convinces us that
the noise is not due to the influence of the laser on the can-
tilever.

The Af-V, curves taken with laser off and on [Fig. 4(a)]
supports our explanation of the noise. The light irradiation
causes two changes in the Af-V, curve: a shift in the tip-
sample CPD and an increase in the tip-sample force for high
positive V,, both resulting from a change in surface charge.
The negative shift of the parabola apex marks the change in
CPD due to the change in the surface potential of the sample,
while the increased curvature of the parabola belies the in-
creased tip-sample electrostatic force due to the accumula-
tion of charge.?® The asymmetric response of the noise for
high negative [V,==5 V, Fig. 4(c)] and positive bias volt-
ages [V,=3 V, Fig. 4(d)] despite the same magnitude of tip-
sample force (marked by similar Af) indicates that V, is in-
fluencing the charge-pair separation by opposing or
complementing (respectively) the built-in electric field
within the space-charge layer. All of these observations are
consistent with the sample initially having upward band
bending due to an excess of negative surface charge trapped
in surface states, which is relaxed by the movement of posi-
tive charge toward the surface upon the generation of light-
induced charge pairs [Fig. 4(b)]. In the presence of the QD,
the photoexcited carriers are captured into the QD (via tun-
neling for electrons and drift for holes) and do not contribute
to the reduction in the band bending [Fig. 4(c)].

EFM is capable of spatially locating and characterizing
charge traps which significantly affect small-volumed de-
vices. Laser irradiation serves as a means to highlight areas
where charge traps reside by providing energy for the traps
to become active over shorter time scales. More detailed
analysis of the G-R noise or RTN could provide the trapping
dynamics of the carriers, which has important implications
on the expected behavior of many technically important de-
vices including charge qubits and molecular switches. The
trapping dynamics of the photoexcited carriers is of great
importance in developing photovoltaic devices. As device
size continues to shrink, the spatial resolution of EFM in
being able to detect traps will make it instrumental in mate-
rials characterization and device development. A particular
advantage of EFM over other local electrometry techniques
is its high-resolution topography imaging capability which
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FIG. 4. (a) Af-V, curves taken with (gray line) and without
(black line) laser irradiation. The laser irradiation causes a negative
shift in CPD (parabola apex) and an increased curvature of the
Af-V, curve. Both observations are a result of a change in surface
charge due to the increase in minority carriers which are generated
by the light and travel to the surface via electric field, reducing the
band bending of the space-charge region near the surface. This ef-
fect, which occurs over the wetting layer, is illustrated by the sche-
matic band diagram (b). The effect of the laser on the quantum dot
is depicted in (c) where generated charge pairs are captured into the
quantum dot and recombine so that an overall charge separation
does not occur. Time traces of the Af for 10 s (d) for V;=—5 V and
(e) for Vi=+3 V are shown. The two time traces under light irra-
diation (gray line) in (d) and (e) were taken in the conditions indi-
cated by the closed circles (a). More fluctuations are observed at
Vi=+3 V than at V;=-5 V under light irradiation because the
applied electric field is complementing rather than opposing the
built-in electric field caused by the initial band bending.

could reveal relationships between structural and noise prop-
erties.
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