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The design strategy and efficiency optimization of a Ge-based n-type metal-oxide—semiconductor field-effect transis-
tor (n-MOSFET) with a Sig 14Geq.72Sng.14—Geg 82 Sng, 13—Ge quantum structure used for 2.45 GHz weak energy microwave
wireless energy transmission is reported. The quantum structure combined with -doping technology is used to reduce the
scattering of the device and improve its electron mobility; at the same time, the generation of surface channels is suppressed
by the Sip.14Geg.725n¢.14 cap layer. By adjusting the threshold voltage of the device to 91 mV, setting the device aspect
ratio to 1 pm/0.4 um and adopting a novel diode connection method, the rectification efficiency of the device is improved.
With simulation by Silvaco TCAD software, good performance is displayed in the transfer and output characteristics. For a
simple half-wave rectifier circuit with a load of 1 pf and 20 kQ, the rectification efficiency of the device can reach 7.14% at
an input power of —10 dBm, which is 4.2 times that of a Si MOSFET (with a threshold voltage of 80 mV) under the same
conditions; this device shows a better rectification effect than a Si MOSFET in the range of —30 dBm to 6.9 dBm.

Keywords: microwave wireless energy transmission, quantum structure, GeSn, MOS rectification

PACS: 84.40.Dc, 84.60.Bk, 73.21.-b, 85.30.Tv

1. Introduction

In a microwave wireless energy transmission system
(MWETS), power is transferred by radio frequency (RF) en-
ergy beams to give a direct current (DC) without a transmis-
sion line. Such a system can be used in wireless sensor net-
works and radio frequency identification systems as the power
supply generator instead of using a wired power supply and
battery.!!=! The most important part of this system is the RF
to DC voltage converter circuit (rectifier circuit) and the recti-
fier device is the core of the circuit. At present, popular recti-
fier devices are the Schottky diode and complementary metal—
oxide-semiconductor (CMOS) devices. The advantages of a
Schottky diode are its low turn-on voltage and the simple man-
ufacturing process.*! However, Schottky diodes are not com-
patible with the CMOS process and show a low rectification
efficiency under weak energy conditions. In contrast, MOS de-
vices can be integrated into a circuit using the mature CMOS
process. However, due to the larger internal loss caused by
the complexity of the structure compared with the Schottky
diode, a special design is required to improve the rectification
efficiency under weak energy conditions.

Current work is focused on the design and implementa-
tion of an optimized CMOS rectifier with good efficiency in
a MWETS because of the compatibility of the bulk silicon
process. However, most attention is paid to circuit optimiza-
tion rather than improving the characteristics of the device.
A review!! has concluded that it is possible to design high-
performance devices compatible with the CMOS process by
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changing materials such as Ge and setting a reasonable device
structure.

Direct band gap germanium—tin (DR-Ge;_,Sn,) mate-
rial has a higher electron mobility than Ge, and its band gap
can be adjusted by changing the Sn content.!*8! By adjust-
ing the band gap of Ge;_,Sn, and silicon—germanium-tin
(SiyGe_y_,Sn;) to form a SiyGe|_,_,Sn,/DR-Ge|_,Sn,/Ge
quantum well structure, channel scattering can be reduced and
the channel mobility of the device can be further improved.

Using the Si,Ge;_,_,Sn,/DR-Ge;_,Sn,/Ge quantum
well structure as our basis, in this work we design a quan-
tum structure n-MOS device that can be used for 2.45 GHz
weak energy microwave wireless energy transmission. First,
a SiyGej_y_,Sn,/DR-Ge;_,Sn,/Ge quantum structure n-MOS
device is designed based on the characteristics of Ge;_,Sn,
materials. Then its threshold voltage and /-V characteristics
are analyzed using simulation. Finally, a simple half-wave
rectifier circuit is built using the mixed-mode mode of Sil-
vaco TCAD software, and the rectification characteristics of
the quantum structure device and the Si n-MOS device are
compared.

2. The n-MOS design

The key to the design of a Si,Gej_y_.Sn,/DR-
Ge|_,Sn,/Ge quantum well structure for an n-MOS device is
to adjust the content of Si and Sn in SiyGe;_,_,Sn; and the
content of Sn in DR-Ge;_,Sn, to form a deep band offset of
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the conduction band (AE,). In this way, the electrons are con-
fined in the quantum well (DR-Ge;_,Sn, channel layer) and
the influence of the surface cap layer is suppressed due to the
Fermi pinning effect of the Si,Ge;_,_,Sn; alloy with a high
Ge content.

2.1. Physical design of layer structure material

The electron and hole mobilities of Ge material are supe-
rior to Si, and therefore it can be regarded as a substitute for
Si. However, the disadvantage of Ge is that its band gap is
narrow and its thermal stability is not as good as that of Si. At
the same time, due to the Fermi pinning effect of Ge materi-
als and the low activation concentration of n-type impurities,
production of a Ge n-MOS can be problematic.l!

Ge—Sn material has higher electron and hole mobilities
than Ge. By adjusting the Sn doping, indirect band gap Ge—Sn
can be converted to direct band gap Ge—Sn to improve the elec-
tron mobility. Also, the introduction of Si—-Ge—Sn can allow
formation of a heterojunction structure with Ge—Sn, making it
possible to produce a Ge-based n-MOS device.

The band structure of Ge;_,Sn, and Si,Ge;_, ,Sn,
materials!®!'% and their mobility characteristics!!!! have been
studied. Equation (1) shows the influence of the content of
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where x and y are the contents of Si and Sn in Si,Ge;_,_,Sn,.
AEMV(SixGel_x_ySny) is the average valence band of
SiyGe|_y—,Sn;, with the average valence band of Ge as the
reference. AFE,(SicGej—_r—ySny) is the spin coupling splitting
value of Si,Ge|_,_,Sn, and E, 4 (Si\Ge|_,—,Sn,) is the top
of valence band of SiyGe;_y_,Sn;. In addition, the band gap
of Si,Ge_,_,Sn; (or Ge;_,Sn, for y = 0) varies with compo-

ey

sition as shown below:
Eg(SixGelfxfySny) = EgGe(l —X— y) + EgSix + Egsny
—bGesi(1 —x —y)x —bgesn(1 —x—y)y — bsisnxy,  (2)

where EgGe, Egsi and Egs, are the band gaps of Ge, Si and Sn,
respectively, and bgesi, bgesn, and bgis, are the band bowing
parameters corresponding to I” or L valleys which were calcu-
lated in Ref. [15]. The values are shown in Table 1.
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Fig. 1. (a) Variation of the energy band of Ge;_,Sn, due to variation of the Sn content in Ge|_,Sn, with the band of Ge as reference. (b) The Si and
Sn contents in Ge;_,Sn, and SiyGe;_,_,Sn; for the lattice matching between Ge;_,Sn, and SiyGej_y_.Sn;. (c) The band offsets (AE. and AE,)
between Ge;,Sn, and SiyGe;_,_;Sn;. (d) Schematic diagram showing the band offsets (AE. and AE,) between Si,Ge; . Sn; and DR-Ge;_,Sny

and between DR-Ge; _,Sn, and Ge.
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Table 1. Band gaps and bowing parameters for Ge, Si, and Sn and their alloys
from Ref. [15].

bgesi bGesn bsisn EqGe Egsi Egsn

L-valley 0 —0.11 0 0.66 2 0.14
I'-valley 0.21 1.94 13.2 0.795 4.06 —0.413

The bottom of the conduction bands for Ge;_,Sn, and
SiyGej_y_,Sn, can be deduced from the above relation-
ships. On this basis, figure 1(a) shows the band structure of
Ge|_,Sn,. The relationships between the lattice constants of
Ge_Sn, and SiyGe;_y_,Sn; are

a(SixGej—x—,Sny) = age(l —x—y) +asix+asny, (3)

where a is the lattice constant. Therefore, lattice matching
between Ge|_,Sn, and Si,Ge|_,_,Sn; can be achieved by ad-
justing the content of Si,Ge;_y_.Sn,, as shown in Fig. 1(b).
With increasing Sn content in Gej_,Sny, the proportional
range of lattice-matched SiyGej_y_,Sn; alloy is wider. Con-
sidering the requirement of AE, for formation of a quantum
well, it is appropriate to take the Sn content in Ge|_,Sn, as
0.18, and the conduction band offset AE. is 0.116 eV relative
to the bottom of the conduction band for Ge.

The variation trend of the Si,Ge;_y_.Sn,—Gepg2Sng 13
band offset with Si,Ge;_y_,Sn; composition is shown in
Fig. 1(c).
set, Sig14Gep72Sng.14 and GepgrSng g are used to form

Considering lattice matching and band off-

a Sig.14Geg7205n9 14—Ge 32Sng 13—Ge double heterojunction
structure. As shown in Fig. 1(d), in the above structure AE, be-
tween Sig 14Ge(.72Sng 14 and Geg grSng 15 is 0.203 eV and AE,
between them is 0.113 eV. Meanwhile, AE. between Ge and
GepgrSng 1g is 0.116 eV and AE, between them is 0.253 eV.
The above data show that a good quantum structure is formed.

2.2. Electron mobility calculation

The energy band structure of DR-Ge;_,Sn, is different
from that of Ge. The Sn composition makes the effective mass
of this alloy smaller than that of Ge, so that its mobility is
greatly improved relative to Ge. However, the solid solubility
with a high Sn content will cause disordered scattering of the
alloy, resulting in a decrease in mobility, and the proportion of
Sn will also affect the mobility.!'") The formula for mobility
calculation is
_ 9™

I»ln— % )
My

“)

where 1, is the electron mobility, m;, is the effective mass of
the electron and 7, is the electron mean free time. Consid-
ering that the electron scattering mechanism in DR-Ge|_,Sn,
is mainly ionized impurity scattering (F; //), acoustic phonon
scattering (P, o) and alloy disorder scattering (P; o4), the fol-
lowing relationships between scattering and electron mean
free time are obtained:

1 1 1
Pe,//:;ia Pe,aC:?7 Pead = —. &)

Therefore, the electron mean free time is given by

1 1 1 1
Tt ®)
Tn T Ta Tad

Combining the above analysis and literature data,!'!! the
change in bulk material mobility with Sn composition can be
calculated (Fig. 2). The electron mobility of bulk materials in-
creases with increase in the Sn content, and its value is as high
as 1.75 x 10* cm?/(V-s) when x = 0.18. However, this is an
ideal value. In actual devices, the energy band structure of the
channel layer, the influence of the mobility between different
energy valleys of Ge|_,Sn, and the influence of the quantiza-
tion effect in the device all need to be considered.!'®! For DR-
Ge_,Sny, limited I"-valley occupied electronic energy rates
and the impact of mobility in the L-valley cannot be ignored.
Figure 2 also indicates that the average electron mobility and
I'-valley electron mobility of the device both increase with in-
crease in the Sn content. From this figure, where x = 0.18, the
average electron conductance mobility of the channel is about
1.67 times that of Ge, namely, 6333 cm? /(V-s) as used in the
simulation.

3.5
3.0
T@ 2.5k , /J‘eJ“,GeSu
T I
,:’,>' 2.0F 4
‘E r :u‘e,bodyA,G33n
N 1.5F O
S I lu‘e,total,GeSn
~  1.0f o
3 | i
0.5 ~
0 " 1 " 1 " 1 " 1
0.12 0.14 0.16 0.18 0.20

Sn content in GeSn

Fig. 2. Variation of bulk material mobility (.ue,body.GeSn)“ 11'and the average
electron mobility (Ue toral,Gesn) and I"-valley electron mobility (Ue r Gesn) Of
the device for DR-GeSn!!! with variation of the Sn content in Ge|_,Sn,.

2.3. Design of the device structure

At present, the research on quantum structure MOS de-
vices is mostly focused on SiGe materials, rarely on GeSn
materials. It is easy for parasitic channels to form with a Si
cap layer on a quantum structure metal-oxide—semiconductor
field-effect transistor (MOSFET). At the same time, due to
the inherent characteristics of Ge, it is difficult for a P-type
substrate to generate an N-type surface channel, so a high-
performance Ge-based n-MOS is extremely difficult to man-
ufacture. The quantum well structure described in this paper
can effectively avoid these problems.

In this paper, the following quantum structure n-MOS de-
vice is designed based on the structure discussed in Subsec-
tion 2.1. With regard to process compatibility, a Ge epitaxial
layer was deposited on a Si substrate, and a high-quality vir-
tual Ge substrate was formed by laser recrystallization. The
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channel and doping of the device are separated by depositing
a 0-doping layer on the virtual substrate, and the scattering of
ionized impurities is effectively reduced, thus improving the
mobility. At the same time, the threshold voltage of the device
can be adjusted by controlling the doping concentration of the
doped layer. Then, the DR-Ge g>Sng 13 channel layer and the
Sig.14Gep.72Sng.14 cap layer are deposited, thus forming the
Sig.14Geg.72Sn9,14—Gep g2 Sng.13—Ge quantum structure. The
channel carrier concentration can be controlled by the MOS
structure on the top, thereby controlling whether the device is
on or off. The Fermi pinning effect of the cap layer of high Ge
content alloy Sig 14Geg72Sng.14 can be used to suppress the
formation of surface parasitic channels to improve the perfor-
mance of the device. Finally, Al or Ni is used to anneal the
source and drain to form ohmic contacts. Figure 3 plots the
structure of the above MOS device and shows parameters that
will be used in the simulation.

Oxide for t,, =7 nm Ni+SiGeSn contact

SiGeSn-cap d,, =6 nm

Source Drain
DR-GeSn channel d;, =10 nm
(Np=1x

10% em~?)

N-poly (Np = 1x10?! cm™®)

(deep =
50 nm)

i-Ge layer d; =10 nm

Ge-sub dge gy, = 0.303 pm

Si-sub (N, = 2x10'% cm™3) dg; o = 0.76 pm

Fig. 3. A quantum structure n-MOS device with some key values for the
simulation.

2.4. Simulation of band characteristics

To obtain the energy band characteristics of the device,
simulations were performed using Silvaco TCAD software;
the model structure is shown in Fig. 4. The entire device chan-
nel length is 400 nm, and some process technologies were not
considered in order to simplify the analysis and improve the
simulation speed. The vertical energy band image (for x = 0)
is obtained by taking the oxide—cap interface as the reference
interface. From Fig. 5(a), it can be seen that the bottom of
the conduction band is bent at the cap—channel interface and
the cap—oxide interface. Although the bottom of the conduc-
tion band at the cap—oxide interface is lower than that at the
cap—channel interface, electrons do not accumulate at the sur-
face due to the fact that high-Ge alloys are difficult to invert to
form N-channels. As a result, electrons accumulate near the
interface between the channel and the cap layer (closer to the
Geg g>Sng 13 channel layer side) to form a conductive channel.

The diagram of the longitudinal distribution of the elec-
tron current density (Fig. 5(b)) also verifies the above analy-
sis; it can be seen that the maximum electron current density
in the vicinity of the channel and cap layer is 340000 A/cm? at
a gate voltage of 2 V, while the electron current density at the

top surface of the cap layer is less than 20000 A/cm?, which
is nearly 17 times smaller than the peak current density at the
channel. On the one hand, this indicates that the device is in-
deed an n-MOS device and the vast majority of the electron
current is confined inside the quantum well channel because
the surface channel is suppressed. On the other hand, the in-
trinsic Ge layer isolates the dopant layer and the channel layer,
thus avoiding any influence of the dopant layer on the electron
current.

0.6 Materials
SiO,
0.7 1%ililcoAri .
olysilicon
0.8 Sigesn
eSn
0.9 Germanium
Conductor

Frrrrrrrrrrrrrryrrrryrrrrp T
—0.4 —0.2 0 0.2 0.4

Fig. 4. The model structure used for simulation with Silvaco TCAD software.

0.2

Cap | Channel ]
r (.16 [2Ge 1aver| &-doping | i-Ge layer
S op | % o014l T
L & 0a2p
g’o —0.2F % 0.10}
8 =
£ L ] S 0.08fF
m
E —04F
<
m
—0.6 Valence band energy
Conduction band energy
—0.8 . I . I \ I . I . 1 .
0 0.01 0.02 0.03 0.04 0.05 0.06
o (um)
35 (b)
— Cap Channel [i-Ge| i-Ge
g 30
3
~
< 25 -
<
o
Z
o 20
i
z 1
[9) 5r
o
E 10+
g
=
o 5T
)
O 1 I_—I 1
0 0.01 0.02 0.03 0.04 0.05
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Fig. 5. (a) The vertical energy band image (for y = 0 um) obtained by tak-
ing the oxide—cap interface as the reference interface (for x from 0 um to
0.06 um); details of the conduction band of doping layer are shown in the in-
set. (b) Longitudinal distribution of the electron current density in the same
coordinate system as (a).

068401-4



Chin. Phys. B 31, 068401 (2022)

This is further verified by the two-dimensional device dis-
tribution of the electron current density with a 2 V gate voltage
(Fig. 6), which clearly shows that the electrons are confined
inside the quantum well with the peak close to the cap layer,
and the current density gradually decreasing to both sides; it
is therefore reasonable to place the dopant layer on the lower
side of the channel layer and set the isolation and cap layer to
reduce scattering. At the same time, the surface channel is also
clearly suppressed. This fully demonstrates the superiority of
the quantum well structure device. The structure of a Si MOS
device is shown in Fig. 7 for comparison.

—0.04
—0.02
0
0.02
0.04 'l‘t)illc;{;eln& density (A/cm?)
1.13x107
006 8.47X10°
5.56x10°
0.08 !g,szxwﬁ

—0.2

—0.1 0 0.1 0.2 0.3

Fig. 6. The two-dimensional device distribution of the electron current den-
sity with a 2 V gate voltage, showing the surface electron current and the
channel electron current.

—0.053
O -

0.05
0.10
0.15
0.20 _: Materials
. Si0,
0.25 — %gigcs)ﬁicon
7 Aluminum
- Conductor
—0.4 —0.2 0 0.2 0.4

Fig. 7. Si MOS device structure used for comparison.

3. The n-MOS characterization

The quantum structure n-MOS mentioned in this paper
is similar to bulk Si devices with the characteristics of both
MOSFETs and modulation-doped field-effect transistors, and
various small-signal models for quantum well devices are
given in Refs. [17-20]. A small-signal model is considered
in conjunction with the literature above and as shown in Fig. 8
for subsequent analysis. The device model is similar to a Si
MOS device, with differences in threshold voltage and capac-
itance structure. For this quantum well structure, the thresh-
old voltage of this device consists of the quantum well chan-
nel threshold voltage and the surface parasitic channel.[?!-%3]
However, due to the SiGeSn cap layer having a high Ge con-
tent, the Fermi level is pinned at the interface between the cap

layer and the oxide layer, making the surface parasitic channel
threshold voltage much higher than the quantum well channel
threshold voltage. In a weak energy density harvesting circuit
the surface parasitic channel can be neglected because the gate
voltage is low (much less than 1 V). In addition, unlike the
MOS structure, the heterojunction capacitance between dif-
ferent epitaxial layers should be considered for this device in
addition to the MOS gate oxide capacitance.

D
sk
Clad 1 Cap,
M m
s s
Dpg
Bl
Bt
R, + Ry,
G —wW— (/V(l - () [DS Fw— B
Dgp
Bl
Ll
C“‘\' (751)
m m
1t 1t )
Tha
) 1t
T R,

Fig. 8. A small signal model for the quantum well device discussed in
this paper.

3.1. Threshold voltage calculation and simulation

For MOS devices, the threshold voltage is an important
parameter whose value is related to the gate oxide thickness,
the gate electrode work function and the device doping con-
centration. Also, for a diode connection MOSFET device used
in rectification, it is effective to reduce the turn-on voltage (the
threshold voltage of the MOS device) to improve the rectifica-
tion efficiency. According to the literature, (23] the rectification
efficiency of MOS devices can be improved by using very low
threshold voltages. It is necessary to analyze the threshold
voltage formula for the device. For a quantum structure de-
vice it is assumed that the d-doped layer is fully depleted and
the remaining charge required for the channel comes from the
substrate layer.

Assuming that the charge density at the §-doping layer is
Om, the relationships through each layer have the form of the

(22251 shown in Fig. 9, which are solved for

Poisson equations
when the gate voltage is lower than the threshold voltage to

give the following equation:

N ‘
_4B1 [x§+2xd(ti+R1tcha)]+@. )

Qs =
2 Esigesn

When ¢ = ¢y, we can calculate the maximum depletion layer
width (x4y) by

_28 1/2
Xdm = qT;l](pth +2%}:(ti +R1tcha) + (l‘i +R1tcha)2
_(ti +thcha)a (8)
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where Np is the substrate doping concentration, R; is equated
10 Ege / €gesn and Ege, Egesn aNd Esigesn are the material dielec-
tric constants. For GeSn alloys with a high Ge content, R; is
approximated as 1. Based on Eqs. (7) and (8), the threshold
voltage for the n-MOS device in this paper is given by

Q4
WhOZVFB+(Pm—C7p~ )

1
For a flat-band voltage Vrg, the potential at the heterointerface
@, the equivalent charge Qq4, and capacitance C; above are

related by

AE, kT N, AE,
<pth:2<pfpf7c 21n< A) -=<, 10

q nj
Qap = gNB1Xdm — 4Om, (11)
1 1 1
=t (12)
Cl Cox Ccap

where @, is the Fermi potential, Coy is the gate oxide capac-
itance and Cq,p is the cap capacitance. The above equations
solve for the channel threshold voltage, and it can be seen that
the threshold voltage of the device introduces the conduction
band offset AEc and the heterojunction structure capacitance
compared with the equation for calculating the threshold volt-
age of a Si MOS device. Therefore, according to the above
equations, the threshold voltage can be adjusted by changing
the process parameters such as layer structure parameters and
the d-doping layer concentration of the device.

0
&%p .
—5 =0 for 0 <z <t Oxide
ox
tOX
e
ﬁzo for 0 <x <tg,, Cap
teap P
Va<Ving: —5 =0 Channel
ox
& N,
VGZVLhO:—SZ:—q—B for 0 <z <tgy,
ox €GeSn
tcha 62
—ﬁ:O for 0 <z <t i-Ge
ox
t
o2 N;
6_;2 =— qa—GI:Q for 0 <z <t; J-doping
0 aN
6_9:2) =- TBI Ge-sub

xT

Fig. 9. Poisson equations for different layers in a quantum-structured
n-MOS.

The variation of the threshold voltage of the device with
the doping concentration of the doping layer is shown in
Fig. 10(a) as an orange solid line. It is easy to observe
from the figure that the threshold voltage of the device in-
creases with increase in the P-type impurity doping concen-
tration of the doped layer, and especially between 10'® cm—3
and 10'° cm ™3, mainly due to the increase in @y, as shown in
Eq. (10).

It can be seen from Fig. 10(a) that the variation of the

threshold voltage with the thickness of cap layer is different

from that of the other layers. The electron longitudinal current
density diagram in Fig. 10(b) can explain this phenomenon.
As the thickness of cap layer increases, the current density
of the parasitic channel gradually increases, while the current
density of the DR-GeSn channel gradually decreases; together
these have an effect on the threshold voltage. When the thick-
ness of cap layer increases to 10 nm, the peak electron current
density of the cap layer is higher than the peak electron cur-
rent density of the channel, which means that the threshold
voltage is dominated by the cap layer and the cap layer para-
sitic channel opens before the quantum well channel. Notice
that the sum of the electron current densities of the cap layer
and quantum well channel at ¢, = 1 nm is much larger than
that at 6 nm and 10 nm, which also explains why the threshold
voltage is lower when the cap layer is extremely thin. Consid-
ering the process compatibility, it is more reasonable to take 6
nm as the cap layer thickness.

z (nm)
2 4 6 8 10
1.2
1.09
0.8
> 06
5 Y
= 04
0.2F
0 -
" " PR | " " PR |
1017 1018 1019
N, (cm™?)
— leap =1 nm
&

g — teap =6 nm
E —— teap = 10nm
=
o
Z

>
i
ko

2

5}
el
+
=)

o)
=
3
O
o

" I 1 n
0 5 10 15 20

@ (um)

Fig. 10. The initial values for the two images: the thicknesses of the cap
layer (fcap), channel layer (fchannel), buffer layer (fpu) and doping layer
(*doping) are 6 nm, 10 nm, 10 nm, and 3 nm, respectively, and the P-type
impurity doping concentration of the doped layer (N ) is 10! cm 3. (a)
The orange solid line shows the variation of the device threshold voltage
with the doping concentration of the doping layer and the dot and line
graphs shows the influence of channel layer thickness, buffer layer thick-
ness, dopant layer thickness and cap layer thickness, respectively, on the
threshold voltage. (b) The electron longitudinal current density diagram
for different cap layer thicknesses.
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The influence of channel layer thickness, buffer layer
thickness and dopant layer thickness on the threshold voltage
is also shown in Fig. 10(a). As the channel layer thickness and
buffer layer thickness increase, the threshold voltage gradually
decreases, while the dopant layer thickness has less effect on
the threshold voltage. A comprehensive analysis of the thick-
ness parameters of each channel layer was shown in Fig. 7.

Comparison of Figs. 10(a) and 10(b) shows that the
threshold voltage is more sensitive to the dopant layer concen-
tration. Therefore, by adjusting the dopant layer concentration
to 10'8 cm™3, a threshold voltage of 91 mV is obtained in or-
der to improve the rectification efficiency of the device.

3.2. The I-V characteristics

The transfer and output characteristics of the device are
shown in Figs. 11 and 12. The transfer characteristics at

=3 and

Vps = 0.1 V for doping concentrations of 10! cm
10" cm—3, respectively, are shown, and it can be seen that
when W/L =1 um/0.4 um, the current is up to the mA level
at V; = 1V, which is an advantage of the high mobility due

to the quantum wells. The threshold voltage varies at different

1073 1.0
0.8
1074
— 0.6 =
< E
a -
0.4 ~
1076
0.2

1077

Vo (V)

Fig. 11. Curves under the log (left) and normal (right) axes, respectively, il-
lustrating the transfer characteristics at different doping concentrations. The
device width (W) to length (L) ratio is set as | pm/0.4 pm.

[—v.=ovV
40F  Vigasv
3.5 [~ Vg=05V
BSFE—v,=075 v
- V,=1.0V
3.0 TW/L=1upm/0.4 ym
. -_N,\: 10'® cm—3
<E 2.5
~ 2.0F
G
1.5
1.0
0.5
0 A R T | I ] |

0 05 10 15 20 25 30 3.5

Vbg (V) for Vg=0V

Fig. 12. The output characteristics of the gate voltage from 0 V to 1 V, where
the concentration of the doping layer is 10'® cm™3 and the device size is the
same as in Fig. 11.

doping concentrations, as can be seen at 10! cm—3, the curve
shifts left relative to 10'® cm™> and the threshold voltage
decreases, which is beneficial for rectification applications.
However, it also results in a larger leakage current and poorer
subthreshold characteristics of the device. The output charac-
teristics further demonstrate the excellent performance of the
device and also show the effect of the channel length, which is
very obvious when V; is above 0.5 V.

4. Principles of rectifier circuit design and cir-
cuit simulation

In this paper, in order to analyze the effect of quantum
channel devices on rectification and energy harvesting, a half-
wave rectification circuit as in Fig. 13 is briefly considered.
The device is connected like a diode, an AC current source
with 50 Q internal resistance is used as the power input, a load
capacitor C; is used to stabilize the DC output waveform and

the resistor R; is the output load.

The conventional connection

In -]I-'TT__'O_ut

|

The novel connection

1
]
Vie | 73T
1
1

Fig. 13. Schematic diagram of the half-wave rectifier circuit for simulation.

There are two types of connections for a MOS used
for rectification,?3! one is the conventional diode connection
where the source and gate are connected as input and the
source and substrate are connected as output and the other
is the novel connection where the substrate, drain and gate
are connected as input and the source is set as output. As
the source and substrate potential of the novel connection is
not zero, according to the threshold voltage Eq. (13), Vsg has
a modulating effect on the threshold voltage. When a for-
ward voltage is applied, which effectively reduces the forward
turn-on voltage, the forward conduction current is greatly in-
creased. When a reverse voltage is applied, the reverse leakage
current is greatly reduced, helping to eliminate the problems
of a high leakage current with a low threshold voltage, thus
effectively improving the efficiency of the rectifier circuit!?!

Vi =Vio+ 1 (V2B + Vsl - VR . (13)
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Equation (13) still applies for the quantum structure device,
where Vg is the intrinsic threshold voltage described in Sub-
section 3.2 and Pr is the Fermi potential of the device herein.

4.1. DC simulation

Figure 14 compares the /-V curves of the two connection
methods for the quantum structure MOS device (QS-MOS in
the figure). It can be seen that in forward bias the two curves
almost coincide in the 0 V=0.5 V interval, and the novel con-
nection has a higher current in the region above 0.5 V. How-
ever, in reverse bias, the conventional connection has a sig-
nificantly higher breakdown current than the new connection,
with a difference of 177.2 times between them at —1 V for
example. This shows that the substrate bias can effectively
improve the subthreshold characteristics of the quantum struc-
ture device and greatly reduce the leakage current.

Also, comparing the Si MOS and the quantum structure
device using the new connection method, the current of the
quantum structure device is significantly larger than that of the
Si MOS at forward bias in the figure. Although the leakage
current of the Si MOS device is lower in the reverse bias case,
indicating that the loss of rectification of this quantum struc-

ture device may be higher than that of the Si MOS device, the
high current characteristic due to the high electron mobility
makes the rectification effect of this device much better than
that of the Si MOS.

250
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—~ 50 =z
»
—50 ™
—0.5 4 —100
1—150
—1.0+ 4—200
' ' ' —250
38.5 39.0 39.5 40.0
Transient time (ns)
250
14
200 4 12
150 N
= ‘ S
= 8 =
\-Z/ 100 1 %
& 6 ~
50 4
2
0 ]
1 L 1

1
39.0 39.5

Transient time (ns)

8
QS-MOS, novel connection
| —— QS-MOS, conventional connection
6 Si-MOS, novel connection
L V=1V, Iy:
QS-MOS, conventional: 1.600 mA
4 QS-MOS, novel: 1.459 mA
2 L v 1V. I Si-MOS, novel: 0.496 mA
D=~ > dpt
E 2 QS-MOS, conventional: —558.2 uA
N -
A QS-MOS, novel: —3.15 pA
~ I Si-MOS, novel: —63.2 nA

. !
| ¥

Vp=0.1V, Ip:

—2r QS-MOS, conventional: 11.2 uA
QS-MOS, novel: 12.8 uA
Si-MOS, novel: 1.03 pA
—4 1 1 1
—2 —1 0 1 2

Vo (V)

Fig. 14. The I-V curves of different devices and connection meth-
ods by DC simulation. QS-MOS is the quantum structure MOS device
(Vino = 91 mV) and Si-MOS is the Si MOS device (Vino = 80 mV).
The current values of each curve under three grid voltage conditions are
marked in the figure for comparison.

0.48
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<
E/ 0.46 = =
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2 / < {15 £
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= 0.45 -
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Fig. 15. (a) Stable current and voltage waveforms (from 38 ns to 40 ns) on the input and output sides obtained by transient simulations at R = 20 kQ and
C =1 pf, with a device width of 1 pum for this condition and a peak-to-peak 2 V sine wave for the input supply at 2.45 GHz. (b) A partial enlargement of
the graph (a) showing the voltage fluctuations across the load resistor. (c) Instantaneous input and output power curves. (d) Output voltage and rectification

efficiency curves with the variation of load resistance.
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4.2. TRAN simulation

An important indicator for AC-DC conversion circuits
is the rectification efficiency, which characterizes the energy
conversion efficiency of the circuit. The formula for rectifica-
tion efficiency is

P
o 100%.

n= (14)

m

Transient simulation is considered to get the input power and
output power of the circuit: due to the presence of capaci-
tance on the output side, transient simulation takes some time
to reach a steady state,[>320271 5o the steady state waveform
after 38 ns is uniformly selected for analysis. The input volt-
age, input current, load voltage and load current on both sides
of the circuit vary as shown in Fig. 15(a). Figure 15(b) shows
a AV change in the output voltage within one cycle, which
affects the stability of the output voltage of the circuit. The
following relations hold for the output load:

V2
Py = =2 15
out R]oad ) ( )
B = Iin X Vip. (16)

Based on these relationships, the instantaneous input power
and output power variation curves for the circuit can be plot-
ted (Fig. 15(c)). According to the above instantaneous power
analysis, the rectification efficiency within one cycle can be
solved as

1 (T V2

out

_ ? 0 Rioad

=7 T
?/0 Iinxvin

The above conditions are analyzed and simulated to obtain the

x 100%. a7

rectification efficiency and output voltage curves under differ-
ent loads, as shown in Fig. 15(d). In order to have a balanced
performance of output voltage and rectification efficiency, a
load resistor of 20 k€ is chosen.

Figure 16 compares the variation of the rectification effi-
ciency between the Si MOS and the quantum MOS under the
same conditions as mentioned before. It can be seen that the
quantum MOS has a better conversion efficiency relative to the
Si MOS in the input power range of —30 dBm to 6.9 dBm. At
an input power of —10 dBm, the efficiency of the quantum de-
vice can reach 7.14%, which is 4.2 times that of the Si MOS.
There is a peak conversion efficiency of 45.51% at 6.9 dBm,
which is still higher than that of the Si MOS (42.13%). How-
ever, above 6.9 dBm, the rectification efficiency of the device
decays rapidly and the rectification effect is weaker than that
of an ordinary Si MOS. Comparison shows that their output
voltages are similar. Below an input power of 10 dBm, the
output voltage curve of the quantum MOS is higher than that
of Si MOS, while above 10 dBm it decays rapidly. In short,
this figure shows that the quantum MOS has a better weak en-

ergy density collection capability at 2.45 GHz relative to the
Si MOS under the same conditions.

Comparing the efficiency curves at different widths
(Fig. 17), it can be seen that as the width increases the
peak rectification efficiency first increases, reaching a peak of
48.52% at W = 2.5 um, and then gradually decays. When the
width is greater than 2.5 pm, there is a significant overall de-
cay in the efficiency curves and the maximum efficiency drops
rapidly. For a CMOS rectifier circuit, a width of 2.5 um means
that the area of a single device can be reduced by several times,
which greatly reduces the area of the chip and cuts the cost.

60 —m—Si-MOS P, =16 dBm
—s—(QS-MOS Si-MOS n=53.18% *— l1.0
50+
P, =6.9 dBm —n
Si-MOS n=142.13% /'.\/ 40.8
40r QS-MOS 7,0 = 45.51% . _
S {06 2
é 30+ ;
s o
P,,=—10 dBm loa N
20 Si-MOS 7 =1.70% .
QS-MOS 1n="7.14%
10F \ H0.2
0 .,,/-/ 0
—30 —20 —10 0 10
Piu (dBm)

Fig. 16. The rectification efficiency and output voltage of the Si MOS and
the quantum MOS with variation of input power densities under the same
conditions.

50
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40 ot u® me
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\\
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|
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e
Q k
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//4' [ ] |
02 L L L
—30 —20 —10 0 10
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Fig. 17. The variation of the efficiency at different widths and the maximum
efficiency, which is achieved at 6.9 dBm input power and 2.5 pm width.

5. Conclusion and perspectives

In conclusion, a quantum structured n-MOS device was
designed using SiGeSn and GeSn materials, which greatly im-
proved the mobility of the device compared with ordinary Si
devices. The threshold voltage and electrical characteristics of
the device were analyzed by simulation. In order to improve
the rectification efficiency, the threshold voltage of the device
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was adjusted to 91 mV, and a simple half-wave rectification
test circuit was built with a novel connection method. The ad-
vantages of this MOS over a Si MOS were analyzed in terms
of DC and transient simulation, and a rectification efficiency of
7.14% (at —10 dBm) was obtained, which is 4.2 times higher
than that of a Si MOS under the same conditions, fully illus-
trating the advantages of this device.

Table 2 compares the results of this work and some previ-

scribed this work. It is worth noting that for simplicity of
analysis the device modeling in this paper does not take into
account the various process designs in the short channel case,
and the device feature size is 400 nm. Therefore, it is be-
lieved that with process improvement such as advanced nodes,
proper matching and boost circuit design as summarized in the

Ref. [28], the device described in this paper will be more ad-

ous works, 328311 showing the advantages of the device de-  vantageous in the RF rectification field.
Table 2. CMOS performance summary.
Ref. Tech. Rectifier topology Frequency (GHz) Power conversion efficiency (% for load at input level)
This work 400 nm n-MOS one-stage half-wave 2.45 7.14% for 20 kQ@—10 dBm

[3] 180 nm CMOS five-stage on-chip inductor 0.9 14.46% for 200 kQ@—9 dBm

[29] 300 nm CMOS three-stage Dickson 0.95 1.5% for 200 kQ@—14 dBm

[30] 90 nm CMOS four-stage Dickson 2.45 1% for 1 MQ@—8.06 dBm

[31] 180 nm CMOS five-stage Dickson 2.63 7% for 500 kQ@—15.4 dBm
Acknowledgments [13] SantS and Schenk A 2014 Appl. Phys. Lett. 105 162101

Project supported by the National 111 Center (Grant
No. B12026) and Research on *** Technology of Intelligent
Reconfigurable General System (Grant No. F020250058).
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