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ABSTRACT

In this work, Al2O3-passivated, monolithic, and crystalline Al–Ge–Al heterostructure nanowire field effect transistors (FETs) with Ge
channel lengths ranging from 18 to 826 nm are analyzed from a low-frequency noise perspective. 1/f and random telegraph noise (RTN) are
analyzed in an accumulation mode, where the hole channel is formed by applying a back-gate potential VG. The normalized power spectral
density of drain current fluctuations of 1/f noise (SID=I2D) at medium currents follows nearly an 1/ID trend. 1/f noise is analyzed within both
the mobility and carrier number fluctuation models (MFM and CNFM), respectively. Taking the MFM into account, the Hooge noise param-
eter a spreads in the interval of 1.5� 10�4 to 4� 10�2, with lower values for shorter devices. Using the same data and the CNFM, the density
of interface states Dit in the Al2O3/GexOy/Ge system was estimated using the transconductance extracted from the quasi-static transfer I/V
characteristics. The extracted Dit values range from 5� 109 to 3� 1012 cm�2 eV�1. Contact noise has also been observed in some devices at
high currents. RTN analyzed in time domain exhibits a relative RTN amplitude in the 0.3%–20% range. Capture and emission time constants
as a function of VG exhibit a typical behavior for metal oxide semiconductor FETs. The extracted noise parameters are comparable with Ge
and III–V nanodevices of top-down and bottom-up technologies.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147208

Nanoscale Ge devices are attractive for both fundamental studies
of low-dimensional nanostructures as well as for future high-
performance nanoelectronic and quantum devices.1–3 In this context,
single-crystalline vapor–liquid–solid (VLS) grown Ge nanowires
(NWs) have drawn significant attention as they enable a suitable plat-
form to perform investigations on confinement effects, quasi-ballistic
transport,4 surface treatments, and high quality metal–semiconductor
junctions.5–7 Low frequency noise (LFN) analysis on NW devices has
been proven to give useful information of surface trapping and scatter-
ing mechanisms in NW devices.8,9 Carrier number10 and mobility
fluctuation models11 (CNFM and MFM) are used to interpret noise in
NWs.12,13 1/f has been studied in unpassivated NW field effect transis-
tors (FETs) based on the NiGe–Ge system14 and Ge FinFETs.15–18 In
particular, Wu et al. have shown a large variation in Hooge noise
parameter a in Ge FinFET devices of the same dimension, which has
been attributed to device-to-device variability.19–21 Random telegraph
noise (RTN) in Ge nanodevices is rarely reported.14,18,22 In this paper,

we analyze LFN in Al2O3-passivated FETs based on monolithic
Al-Ge-Al NWs with different channel lengths L. 1/f noise analyzed in
the frequency domain is interpreted in terms of both the CNFM and
MFM. The noise parameter a and equivalent density of interface trap
states Dit are determined. Contact noise is also investigated and mod-
eled. RTN is analyzed in the time domain and interpreted in terms of
the CNFM. Our main finding is a large spreading of the noise parame-
ter a (and Dit) and of the relative RTN amplitude dID/ID (dID being
the RTN amplitude), over two to three orders of magnitude, which is
attributed to device-to-device variability typical for downscaled devi-
ces, in general.19–21 Interface and border traps23 in the Al2O3/GexOy/
Ge system are considered to be mainly responsible for the observed
noise fluctuations.

The Al–Ge–Al heterostructure devices are integrated into a back-
gated FET architecture13 [see Fig. 1(a)]. The starting materials are
intrinsic VLS grown Ge NWs with diameters of approximately 35 nm
and atomically flat facets [see Fig. 1(b)]. The NWs are enwrapped in a
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22 nm thick atomic layer deposited Al2O3 shell to passivate the
NW surface,24 thus ensuring reproducible and more stable transistor
characteristics and preventing oxidation of the NWs.25 As the NWs
are conformally coated with Al2O3 (er¼ 8), the equivalent oxide thick-
ness (EOT) increases from 100nm (SiO2 back-gate oxide) to
dox¼ 111nm. Within the process, a native GexOy of about 2nm is
formed, causing charge carrier trapping induced shift of the threshold
voltage.26 Due to uncertainties, i.e. exact composition and thickness of
the Ge oxide, this layer is neglected within the EOT. For NW device
integration, Al leads are fabricated by e-beam lithography, sputter depo-
sition, and lift-off techniques. Monolithic single-elementary Al contacts
are formed by employing a thermally induced Al–Ge exchange initiated
by rapid thermal annealing at 350 �C, resulting in an atomically sharp
Al–Ge interface.4 A scanning electron microscopy (SEM) image of a
device with L¼ 18nm is shown in Fig. 1(c). The devices exhibit a drift
of the drain current ID, due to the presence of a GexOy layer.25,27

Therefore, when changing the VG, after setting a new VG value, we
waited until no visible drift is observed in time domain waveform.
Spectral measurements are performed with a simultaneous monitoring
of the time domain signal, which allows us to unambiguously distin-
guish and decompose 1/f spectrum from the RTN-related Lorentzian.

Figure 1(d) shows typical quasi-static transfer ID–VG characteris-
tics in accumulation of devices with selected L values, VG being the
back-gate voltage, which is negative in accumulation. The voltage ramp-
ing speed was approximately 500mV/min, so in comparison with
ID–VG measurements in Ref. 14, where a faster sweeping rate was used,
negligible hysteresis was observed. Due to strong Fermi-level pinning
close to the valence band of the Al-Ge material system, a dominant
p-type behavior is observed.28 Moreover, a large spread of the sub-
threshold slope S is evident, originating from the back-gate architecture.

Figure 2(a) shows the power spectral density (PSD) of drain cur-
rent fluctuations SID as a function of frequency of a device with
L¼ 170nm exhibiting a 1/f c spectrum (here, shortly 1/f) with c

FIG. 1. (a) Schematic of the Al–Ge–Al heterostructure integrated in a NW FET
device. (b) Left: high angle annular dark field scanning transmission electron
microscopy (HAADF STEM) images of an entire Al–Ge–Al NW heterostructure
enwrapped in a 22 nm Al2O3 shell. Right: a zoomed-in view on the Al–Ge interface
using TEM. (c) SEM image of a device with L¼ 18 nm. (d) The quasi-static transfer
IV characteristic measurements of selected devices with an indicated channel
length L.

FIG. 2. (a) Typical PSD of a device with L¼ 170 nm for different gate voltages VG
with indicated mean drain currents ID with c � 1.15. (b) Measured PSD spectra
(noisy data) exhibiting superposition of 1/fc component with a Lorentzian in a device
with L¼ 228 nm. Simulated spectra (black solid line) with decomposed 1/fc (red
dashed line) and Lorentzian (blue dashed line) components are given.
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exponent near 1.15, which is constant over at least three frequency deca-
des. ID is the curve parameter. If RTN is superimposed to the 1/f com-
ponent, the spectrum is decomposed to a 1/f and a Lorentzian
component. An example of such an experimental spectrum fitted to a
simulated spectrum (black solid line) with decomposed 1/f (red dashed
line) and Lorentzian (blue dashed line) components is given in Fig. 2(b).

Only the decomposed 1/f component is considered in the SID
evaluation in the following. The exponent c ranges mostly between 0.9
and 1.2 with some exceptions of c¼ 1.25. The averaged value of c as a
function of L is given in the inset of Fig. 3(d). Note that 1/f data with c
> 1.25 are not taken into account in the 1/f noise analysis. The nor-
malized spectral density SID=I2D extracted at 1Hz as a function of ID
for devices with various L values in three different L intervals are plot-
ted in Figs. 3(a)–3(c) for better distinction. A typical SID(ID) curve
exhibits a plateau at low currents [see e.g. curves for L¼ 826nm in
Fig. 3(a) or L¼ 144nm in Fig. 3(b)], followed by a nearly 1/ID roll-off
at medium currents. More complex SID=I2D vs ID dependencies, e.g.
with a concave shape [see e.g. curve for L¼ 50nm in Fig. 3(c)], are
also observed. For devices with L¼ 170 and 228nm [see Fig. 3(b)], a
rise or at least a saturation of SID=I2D at high currents is observed,
which is attributed to contact noise (see below).

Within the MFM, noise occurs due to uncorrelated mobility fluc-
tuations caused by scatterers like defects, and the normalized PSD is
inversely proportional to the total number of carriers N within the
active device volume,

SID=I
2
D ¼ a=ðfNÞ; (1)

where a is the already mentioned Hooge noise parameter. N can be
expressed in terms of the channel resistance Rch¼ L2/qlN, where l is
the hole mobility, and q is the elementary charge. In the regime where
the channel resistance Rch dominates the contact resistance Rcont, i.e.
Rch » Rcont, we have Rch� VD/ID, and the a parameter can be extracted
in the region where SID=I2D � 1/ID,

a ¼ SID=I
2
D � fL2=ðqlRchÞ ¼ SIDfL

2=ðqlIDVDÞ; (2)

where a values as a function of L extracted from Figs. 3(a)–3(c) are
plotted in Fig. 4(a) (black bars and left axis). In the evaluations, a hole
mobility of 300 cm2/V s27 has been used, whereas also other works
reported mobility values around 300 cm2/V s.9,25 It should be
remarked that there might be mobility fluctuations from device to
device. So, in fact, the product al would be fitting parameters in Eq.
(2). However, for better comparison to already published works, a is
extracted using the above-mentioned mobility value. One can remark
that a values tend to be smaller for lower L. The a values in the 1.5 �
10�4–4 � 10�2 range in Fig. 4(a) overlap with values in the 2 �
10�3–1.2� 10�2 range for Ge FinFETs.16

Within the CNFM, noise is due to flatband voltage fluctuations
in a FET caused by carrier capture/emission with broad distribution of
time constants29 and SID/I

2
D can be expressed in terms of the device

transconductance gm,
10,20,30,31

SID=I
2
D ¼ ðgm=IDÞ

2 � q2DitkT=ðfWLC2
oxÞ; (3)

where Dit is the density of interface traps in cm�2 eV�1, kT is the ther-
mal energy, and W¼ 2pr is the NW width with r being the radius.
Importantly, here the perimeter is considered since the Fermi level is
assumed to be pinned at the same position along the NW cross

section. Cox is the capacitance per unit of area, expressed here for sim-
plicity as Cox¼ ere0/dox with er being the relative permittivity of SiO2

(er¼ 3.9), e0 being the vacuum permittivity, and dox¼ 111nm is the
above-mentioned EOT. The measured SID=I2D dependence is fitted by
the right side of Eq. (3), where Dit is taken as the fitting parameter.
Figure 3(d) shows the result of such a procedure where the SID/I

2
D vs

ID data of a device with L¼ 50nm are plotted together with (gm/ID)
2.

The concave shape of SID=I2D is qualitatively reproduced. The extracted
values of Dit are plotted on the right axis of Fig. 4(a). Again, a large

FIG. 3. (a)–(c) Symbols are measured normalized PSD (SID=I2D) vs ID data for devi-
ces with different L. The data in (a)–(c) are arranged with decreasing L values. The
1/ID slope is indicated in (a)–(c). Dashed lines 1 and 2 in (b) are simulations. (d)
Replotted experimental SID=I2D vs ID data from (c) in correlation with (gm=ID)

2

extracted from the quasi-static transfer characteristic for a device with L¼ 50 nm.
The inset in (d) shows the mean c values for devices with different L.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 122, 243504 (2023); doi: 10.1063/5.0147208 122, 243504-3

VC Author(s) 2023

 11 Septem
ber 2023 10:42:23

pubs.aip.org/aip/apl


spreading in Dit is observed. The found Dit values in the 5 � 109–3
� 1012 cm�2 eV�1 range are comparable or higher than equivalent Dit

values in the 6 � 109–6 � 1010 cm�2 eV�1 interval found from 1/f
noise evaluation of n-channel Ge FinFETs.15 The Dit values obtained
from our 1/f noise analysis are also compared with Dit values from the
evaluation of ID/VG hysteresis measurements using fast VG sweeps
(�0.2V/s). A threshold voltage shift dVth in the range of 1–10V has
been measured (see also Ref. 25). Using sheet charge density approxi-
mation, Dit can be estimated as Dit¼Cox� dVth/(qEg), where we con-
sidered a constant Dit distribution over the Ge bandgap Eg (0.67 eV)
for simplicity. The extracted values of Dit¼ 3� 1011 to 3� 1012 cm2

eV�1 are consistent with Dit extracted in Fig. 4(a). We notice that due
to complex electrostatics and not reliable model for relation between
subthreshold slope S and Dit in NWs, we did not use S for the Dit eval-
uation, as was done earlier, e.g. in Si MOSFETs.32 Finally, Fig. 4b
shows the number of active surface traps Nact¼Dit �WL� 4kT
within the CNFM as a function of L using the integration of Dit over
the active surface area WL and 4kT (102meV at 295K). Nact varies
between�0.1 and�100 for devices with L from 18 to 826nm. A posi-
tive correlation between Nact and L is found.

Contact noise is modeled considering as a series combination of
uncorrelated resistance noise sources due to channel resistance SRch
and contact resistance SRcont. For simplicity, SRch will be expressed in

terms of the MFM, but qualitatively the same behavior could be
obtained using the CNFM for SRch.

11 The relative current noise PSD
can be expressed as

SID=I
2
D ¼ ðSRch þ SRcontÞ=ðRch þ RcontÞ2; (4)

where Rtot¼Rchþ Rcont VD /ID. Expressing SRch in terms of Rch,

SRch=R
2
ch ¼ a=ðNf Þ ¼ Rchq� l=L2 � a=f ; (5)

we get a final expression for the normalized SID, evaluated at f¼ 1Hz,

SID=I
2
D ¼ ql=L2 � aðVD � IDRcontÞ3=ID þ SRcontI

2
� �

=V2: (6)

Curves 1 and 2 in Fig. 3(b) show the simulated SID=I2D vs ID
dependencies for devices with L¼ 228 and 170nm, using Eq. (6), with
the parameters a, Rcont, and SRcont given in the legend of Fig. 3(b). Rcont

is consistent with the resistance evaluated in the saturation part of the
ID–VG dependence, i.e. in strong accumulation where Rcont dominates
[see Fig. 1(d)]. The �1/ID part or downward concave bending of the
SID=I2D vs ID dependence, where the channel noise dominates at low
currents and is proportional to a, is fitted by the cubic term in Eq. (6).
In this current range, VD » IDRcont holds. The SID=I2D rise at high cur-
rents in curves 1 and 2 is due to the dominance of the term with SRcont
in Eq. (6). The general trend of the experimental data is reproduced by
simulations. The calculated normalized contact resistance noise values
of SRcont/R

2
cont in the range of 1–6� 10�5 1/Hz are consistent with that

in InAs NWs with a value of 1� 10�5 1/Hz.33

We have found stationary and intermittent RTN in both short
and long channel devices. Figure 5(a) shows a typical example of sta-
tionary current fluctuations as a function of VG. At more negative VG,
so in accumulation, the RTNmean pulse width in the upper RTN state
htþi decreases, while RTN in lower RTN state ht–i rises. Figure 6
shows the VG dependence of htþi and ht–iin two devices. The
decrease in htþi with increasing hole concentration in the channel is
due to an increased hole capture probability of interface or border
states.14,29 The rising of the hole emission time constants with negative
VG can be due to localized traps further in the oxide away from the
Ge/GexOy/Al2O3 interface, i.e., on border traps.23 Given the low num-
ber of data points, we were, not able to reliably identify the trap depth
position.34 Figure 5(b) summarizes the normalized RTN amplitude,
dID/ID as a function of ID. dID/ID varies in the 0.3%–20% range. One
may see a plateau at depletion and an overall decrease in dID/ID at
high currents. Considering that the change of the charge state of an
interface defect causes the RTN fluctuations, we have tried to fit each
dID/ID vs ID dependence to the following expression,20,21,35 which is a
time domain equivalent of Eq. (3),

dID=ID ¼ bq=ðWLCoxÞ � ðgm=IDÞ: (7)

Here, the coefficient b is a fitting coefficient, where b¼ 1 repre-
sents an ideal case for the equivalent sheet charge density q/WL homo-
geneously distributed over the active area. An example of such a fitting
is given in Fig. 7(a), where dID/ID–ID data are matched to gm/ID vs ID
data with b � 9.3 (for L¼ 460nm). The extracted b values as a func-
tion of L for all measured devices with RTN are given in Fig. 7(b).
These values group in the �1–3.3 range for L< 200nm but reach the
value of�9.3 for the device with L¼ 460 nm. Similar range of b values
have been observed in top-down downscaled MOSFETs.35 The b value
can depend on the size of the effective current modulation area of

FIG. 4. (a) Extracted Hooge parameter a (black bars) and Dit (red bars) as a func-
tion of L. The bars indicate a data range, originating from uncertainties in the fitting
procedure. (b) Nact derived from Dit for devices with different L, where the red
arrows indicate devices, which also showed a Lorentzian component.
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traps,35 exact position of traps along the NW36 but also on the surface
potential variations along the channel.

We think that the surface properties, in our case, the Ge/GexOy/
Al2O3 interface, play an important role in the noise behavior, using
both the MFM and CNFM for interpretations. The carrier trapping/
de-trapping at interface and border trap states and the scattering on

defects or surface potential landscape along the NW can control the
fluctuations. Carrier number fluctuations or even correlated carrier
number fluctuations are considered as origin of 1/f and RTN within
the CNFM.31,36,37 On the other hand, both surface and bulk origin of
mobility fluctuations in the MFM have been considered as noise sour-
ces in NWs.12,14 We are not in favor of any model, both mechanisms
(i.e. MFM and CNFM) can be treated as occurring in parallel. To sup-
port this statement, we discuss data in Fig. 4(b) at lower L where the
number of active traps Nact is of the order of 0.1. Using the CNFM,
Nact¼ 1 means implicitly an existence of a two-level RTN giving rise
to a single Lorentzian. However, Nact was extracted from the magni-
tude of the pure 1/f noise spectrum or from the 1/f component of a
spectrum with a superimposed Lorentzian. Thus, having Nact< 1 con-
tradicts that the CNFM is the origin of 1/f noise. So it is likely that
both MFM and CNFM mechanisms can occur simultaneously, not
excluding each other. Within the framework of the used models, it
therefore seems that for low L the 1/f noise is related to the MFM.
Exact distinction between the CNFM and MFM is still a matter of dis-
cussion11 and is beyond the scope of this paper. The large spread in a
and Dit values [cf. Fig. 4(a)] can be related to device-to-device variabil-
ity19,38 of these downscaled devices. Indeed a large spread, over two
orders of magnitude has been found in Dit in Si MOSFET devices20

and in Ge FinFETs.15 Wu et al. also found a large spread in a values of
Ge FinFETs.16 Exact position of traps along the channel,36 in particular
in the subthreshold region,39 and the spread in the defect parameters29

can play a role in this variability. The observed spread in b values of
RTN [Fig. 7(b)], found also in Ref. 35, supports this view. Wu et al.
also pointed out that the observed lower a values for shorter channel
devices can be a sign of reducing mobility fluctuations due to less scat-
tering mechanisms in ballistic devices.16 We have seen the similar
effect in our bottom-up devices, but our statistical set is smaller than
that of the top-down devices of Wu et al. So, the strength of our inter-
pretation is weaker than that of Wu et al.

FIG. 5. (a) RTN waveform of a device with L¼ 37 nm for different gate voltages VG
in accumulation. (b) The relative amplitude of RTN as a function of ID for devices
with different L. dID1 indicates the amplitude of a dominant RTN, while dID2 is the
amplitude of an additional RTN appearing at higher currents.

FIG. 6. RTN mean pulse width as a function of back-gate voltage VG for devices
with L¼ 37 and 460 nm.

FIG. 7. (a) Result of fitting for the extraction of b with the measured relative RTN
amplitude indicated by symbols and gm/ID is the red curve (right y-axis). (b)
Extracted b values for devices ranging from L¼ 18 to 460 nm.
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1/f and RTN has been analyzed in Ge NW FETs with different
channel length L. Our results show a large spread in the magnitude of
1/f noise, represented in terms of Hooge coefficient a or interface state
density Dit, and of RTN relative amplitude, represented via parameter
b. The spread is attributed to device-to-device variability commonly
found in downscaled devices. The obtained a, Dit, and b are consistent
with previously literature data found in Si and Ge devices. Despite
atomic flat facets of Ge NWs, these are the omnipresent interface and
border states at the Ge/GexOy/Al2O3 interface, which controls the noise
considering both carrier number and mobility fluctuation models. So
optimization of semiconductor/dielectric interface is needed.
Furthermore, we have found a pronounced contact noise in at least two
devices at high current levels. However, based on these results, it is diffi-
cult to state where the contact noise values represent some typical value
for the atomically flat Al-Ge junction or whether other effects, like, e.g.
charges at the Ge/GexOy/Al2O3 interface at the NW perimeter around
the junction, play a role in the contact fluctuation mechanism. Larger
statistical set of samples is needed in the future studies of contact noise.
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