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Abstract

This paper proposes a design scheme for a transimpedance amplifier (TIA) for
cryogenic scanning tunneling microscopy (CryoSTM). The TIA with tip-sample
components in CryoSTM is referred to as CryoSTM-TTIA. The transimpedance
gain of this CryoSTM-TIA is 1 G2, and its bandwidth exceeds 300 kHz. A
unique feature of the proposed CryoSTM-TTA is that its preamplifier is fab-
ricated from a single cryogenic high-electron-mobility transistor (HEMT), re-
sulting in an instrument equivalent input noise current power spectral density
below 4 (fA)?/Hz at 100 kHz. Furthermore, the application of the “bias-cooling
method” can be used to in situ control the density of frozen DX-centers in the
HEMT doping region, altering its structure to reduce device noise. Utilizing
this instrument, fast scanning tunneling spectroscopy measurements with high
energy resolution can be performed. Moreover, it is capable of measuring scan-
ning tunneling shot noise spectroscopy (STSNS) at the atomic scale for various
quantum systems, even when the shot noise is extremely low. It provides a
powerful tool for investigating novel quantum states through STSNS measure-
ments, such as detecting the presence of Majorana bound states in topological
quantum systems.
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Abstract

This work proposes a transimpedance amplifier (TTA) design for cryogenic scan-
ning tunneling microscopy (CryoSTM). The TIA integrated with the tip-sample
component in CryoSTM is referred to as CryoSTM-TIA. With a transimpedance
gain of 1 GS2, the CryoSTM-TIA achieves a bandwidth exceeding 200 kHz. Its
distinctive feature is a pre-amplifier consisting of a single cryogenic high elec-
tron mobility transistor (HEMT), which yields an equivalent input noise current
power spectral density below 6 (fA)?/Hz at 100 kHz. Additionally, a “bias-
cooling method” can be employed to in-situ control the density of frozen DX~
centers in the HEMT doping region, modifying its structure to reduce device
noise. This apparatus enables fast scanning tunneling spectroscopy measure-
ments with high energy resolution and allows measurement of scanning tunnel-
ing shot noise spectra (STSNS) at the atomic scale for various quantum systems,
even when the shot noise is extremely low. It provides a powerful tool for inves-
tigating novel quantum states through STSNS measurements, such as detecting
Majorana bound states in topological quantum systems.

Introduction

High-performance transimpedance amplifiers for cryogenic scanning tunneling
microscopy represent a critical component [1, 2]. Reference [3] proposed a TIA
design for CryoSTM, where the TIA integrated with the tip-sample component
is called CryoSTM-TIA. That design achieved a transimpedance gain of 1 G{2,
bandwidth exceeding 300 kHz, and an equivalent input noise current power
spectral density (PSD) of 21 (fA)?/Hz at 100 kHz. The CryoSTM-TIA was
capable of measuring scanning tunneling shot noise spectra (STSNS) of vari-
ous quantum systems at atomic resolution, even for noise current PSD as small
as a few (fA)2/Hz. Reference [3] demonstrated how CryoSTM-TIA measures
STSNS to investigate novel quantum states, such as detecting Majorana bound
states (MBSs) in iron-based superconductors [4]. In that design, a pre-amplifier
(Pre-Amp) and post-amplifier (Post-Amp) were cascaded to form an operational
amplifier (OPA) termed Macro-OPA. The Pre-Amp in Macro-OPA was a dif-
ferential amplifier using a pair of high electron mobility transistors (HEMTS),
where the HEMT is a type of cryogenic GaAs MESFET [5, 6]. However, select-
ing cryogenic GaAs MESFETs with identical performance for pairing is quite
challenging [2].

This work proposes a CryoSTM-TIA design featuring a single HEMT in the Pre-
Amp. In this CryoSTM-TIA, the Pre-Amp and Post-Amp are cascaded to form
an inverting amplifier (Inv-Amp) rather than an OPA. The CryoSTM-TIA main-
tains a transimpedance gain of 1 G2 and bandwidth exceeding 200 kHz, but its
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equivalent input noise current PSD is only 5.3 (fA)? /Hz at 100 kHz—one quarter
of that in Ref. [3]—due to the elimination of one noisy HEMT. Consequently,
lower tunneling shot noise can be measured at the atomic scale. Furthermore,
using only a single HEMT in the Pre-Amp avoids the difficulty of matching two
identical HEMTs. The “bias-cooling method” [5] can also be applied to in-situ
reduce the inherent noise of the HEMT. These advantages make this apparatus
a more powerful tool for investigating novel quantum states across a broader
range of applications than Ref. [3], including high-Tc superconductors [7, 8],
topological superconductors [4], MBSs [4, 9, 10, 11, 12], Andreev reflection [13,
14], and Kondo effect [15].

2 Circuit of the Proposed CryoSTM-TIA

The circuit of the proposed CryoSTM-TIA is shown in [Figure 1: see original
paper]. It comprises several components: the single HEMT amplifier portion of
the Pre-Amp shown in dashed box (al), the Pre-Amp power supply in dashed
box (a2), the Post-Amp in dashed box (b), the compensated feedback network
in dashed box (c), and the signal source circuit in dashed box (d). The two-stage
amplifier formed by Pre-Amp and Post-Amp is called Inv-Amp. The Inv-Amp
connects with the feedback network to form the TTA, whose input G connects to
the signal source circuit to complete the CryoSTM-TIA. Components placed in
the cryogenic zone are indicated by the dotted box. All component parameters
are listed in .

2.1 Design of Pre-Amp

As shown in [Figure 1: see original paper|, only a single cryogenic HEMT is
used in the Pre-Amp. The HEMT employed in this work is the CNRS-HEMT
[5, 6] developed by CNRS/LPN in France, which exhibits excellent cryogenic
and noise characteristics. It can operate at 0.5 K with only 0.1 mW power
consumption at its ideal operating point (Vds = 100 mV, Ids = 1 mA). Its pa-
rameters are listed in , where 2 H represents its equivalent input noise voltage
PSD and i2_H its equivalent input noise current PSD [6].

The single HEMT amplifier portion of the Pre-Amp appears in dashed box (al)
of [Figure 1: see original paper|. The HEMT source connects to ground through
resistor Rs and a small variable resistor Rs1, with RS = Rs + Rsl, and capacitor
CS (11 pF) in parallel with RS. The HEMT drain O1 connects to load resistor
R1. Resistor Rh connects to ground through variable resistor Rh1l, with RH
= Rh + Rhl. The other end of Rh, denoted O2, connects to resistor R2, and
node L (the other end of R2) connects to node P (the other end of R1) through
small variable resistor Rp. R1 = R2 = RL. Node P connects to the Pre-Amp
power supply. Nodes P and L are grounded through large capacitors C1 and
C2, respectively. In the power supply, RT = Rt + Rtl, where Rtl is a variable
resistor. CA represents the input capacitance of the Pre-Amp. The HEMT,
Rs, Rh, R1, and R2 are placed in the cryogenic zone (dotted box). CI is the
capacitance of the cable connecting the HEMT gate G to the CryoSTM tip. The
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HEMT is positioned as close as possible to the tip to minimize CI, which can be
reduced below 0.5 pF [16]. Pre-Amp operating point adjustment is described in
Section 4, and Pre-Amp parameters are listed in .

For the Pre-Amp, when AC voltage V is applied to input G, the AC voltage
difference between Ol and O2 is denoted Vop. The voltage gain is A,p =
Vop /V. Since the transition frequency for the CNRS-HEMT is g,/ (27C ) ~
1 GHz, the Pre-Amp bandwidth exceeds 30 MHz. In the frequency range
max{g,,/(2nCq),1/(2rRsCq)} <« f < 3 MHz (i.e.,, 30 Hz f{ < 3 MHz with

parameters from ),

A,p ~—g, R, (2.1)

where R; = R; /(1 + g4R;). With the parameters in , A,p ~ —20 in the range
30 Hz f < 3 MHz. The input capacitance of the Pre-Amp is

CA = Cgs + (1 - A’L}P)ng' (22)
Thus, C4 =~ 26 pF in the range 30 Hz f < 3 MHz. The input resistance of the
Pre-Amp, R ,, is the gate-source resistance of the HEMT, with R, > 10 TQ,
effectively infinite.

The Pre-Amp power supply is shown in dashed box (a2) of [Figure 1: see original
paper]. A precision voltage reference (PVR) LM4050-10 [17] provides a constant
10 V output with a typical temperature coefficient of $+$40 ppm/°C. Noise from
the PVR is eliminated by C1, C2, and RT.

For a differential amplifier, feedback between the two transistor branches enables
high common-mode rejection ratio (CMRR). In Ref. [3], if the HEMT (H2) in
the differential Pre-Amp were replaced by a resistor with the same DC resistance,
the Inv-Amp could become a non-inverting amplifier as f — 0. In this work’ s
Pre-Amp design, no feedback exists between the HEMT branch and RH branch,
so the Inv-Amp is always an inverting amplifier.

2.2 Design of Post-Amp and Composition of Inv-Amp

In [Figure 1: see original paper], the Post-Amp circuit in dashed box (b) has
the same structure as in Ref. [3]. It contains a commercial operational amplifier
(OPA) called Rear-OPA, which is a high gain-bandwidth-product OPA such as
THS4021, OPA657, or LMHG6624. This work uses THS4021 [18]. Post-Amp
parameters are listed in . R, and C, are the input resistance and capacitance
of the Rear-OPA. Feedback resistor R, (200 k) is placed in the cryogenic
zone. Post-Amp also includes two cables connecting Q1 and Q2 in the room-
temperature zone to Pre-Amp outputs O1 and O2 in the cryogenic zone, with
capacitances C;; and C,, that may vary from 50 pF to 150 pF. This work
assumes C;; = C;y = C; = 150 pF.

(2
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A l-meter cable with 50 € characteristic impedance has a distributed capaci-
tance of 100 pF and distributed inductance of 250 nH, and its distributed LC
structure produces several resonant gain peaks in [50 MHz, 1 GHz| [19]. Pre-
Amp and Post-Amp are cascaded to form Inv-Amp. In Inv-Amp, Post-Amp
and Pre-Amp connect via cables (Cable O1Q1 and Cable 02Q2), and these
resonant gain peaks may cause self-oscillations due to potential unexpected
electromagnetic couplings between amplifier inputs and outputs. Two low-pass
filters (R, = R, = R. =100 Q and C,; = C,, = C, = 50 pF) with an upper

cut-off frequency of 30 MHz are added at the Rear-OPA inputs to greatly reduce
these resonant gain peaks, thereby avoiding self-oscillations.

For AC signals, the voltage gain of Inv-Amp is a4, = a,(f), which can be
expressed as

ap = A?)PAUR' (23)

Using nodal analysis, a4 can be obtained, and with A,p from Eq. (2.1), 4,5
can be derived from Eq. (2.3). In the range max{g,,/(27Cs),1/(27RsCq)} <«
f <3 MHz (i.e., 30 Hz f < 3 MHz with parameters from ),

1+ 20fRyLC;, 1

~ 2.4
VBT 14 21 fRyCy 1+ Ryja,Ry L+ j2nfRC, (24)

where Ry, = RyR;/(Ry + R;), C,. = C; + C,, and a, is the voltage gain of
the Rear-OPA. In this work, Ry »> Ry and R, > Ry. Additionally, a, can
be approximated as a, = a,q/(1 + jf/f) in (0, 40 MHz] for THS4021.

Using the parameters in , Inv-Amp performance was simulated with TINA-TI
[20]. [Figure 2: see original paper| shows the |a,(f)|;5 and Z(a,(f)) curves
from TINA-TT simulation. Nodal analysis calculations using equations with all
components from [21] are also shown in [Figure 2: see original paper]. The
calculated |a,(f)| 5 and Z(a (f)) curves are identical to the simulated ones.
The curves were also calculated using Eqgs. (2.1), (2.3), and (2.4), and these
results are nearly identical to the simulated curves in [3 kHz, 10 MHz], verifying
the correctness of Egs. (2.1), (2.3), and (2.4).

2.3 Frequency Compensation of Feedback Loop

To increase CryoSTM-TIA bandwidth, frequency compensation must be em-
ployed for the high feedback resistor Ry with parasitic capacitance C [1, 22].

In [Figure 1: see original paper], the compensated feedback network appears in
dashed box (c). Setting C, = kCp where k > 103, and adjusting R, = Rp/k,
we achieve R,C, = RpCp. The TIA output voltage V, generates current I
flowing to TIA input G, so the feedback network impedance is
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Zp(f) = By + o frc,
F 1+ 527 fR,C,

where C, is the parasitic capacitance of Ry, [1, 3, 22]. Zp(f) can be considered
the feedback network impedance. Reference [22] experimentally demonstrated
bandwidth extension of the feedback network with very high feedback resistor
Ry of 10 G2 up to MHz frequencies.

In (0, 1 MHz], with parameters from , [Zp(f)| ~ Rp/|1 + i2nfR,C,| >
R;/1.008 and | Zx(f)| < Rp, so Zp(f) can be considered equal to Rp.

[Figure 3: see original paper| shows experimental frequency compensation re-
sults. At 4.2 K, Ry is 1.16 G2 and C}, is estimated as 3.36 pF. With R, = 380
kQ and C, = 10 nF, the black curve shows the |Z5/Rp|, 5 bandwidth extended
to 905 kHz, while the red curve shows the Z phase is —31.5° at 905 kHz.

To verify this compensation method, the following experiment was performed.
A 500 MQ resistor ($£$25 ppm/°C) at room temperature was selected as Rp,
which becomes 1.16 G2 at 4.2 K. R, is a 390 k(2 resistor in series with a 0-
20 kS2 potentiometer, and C, is a 10 nF COG ceramic capacitor. To facilitate
compensation adjustment, a 3 pF capacitor is paralleled with Ry, making Cr ~
3.36 pF. [Figure 3: see original paper| shows the frequency compensation results,
where |Z;| = Rp/2 at 905 kHz and £(Z;) = —31.5° at 905 kHz.

2.4 Circuit Stability of the Proposed CryoSTM-TIA

In [Figure 1: see original paper], the signal source circuit appears in dashed
box (d) with parameters shown in . The differential resistance of the tip-sample
tunnel junction (TJ) is R, limited to no less than 1073 Ry, in this design. The
TJ capacitance C; is in parallel with R; and estimated as several fF [3]. In
this work, C = C4 + C; + C;. Since C; is at least two orders of magnitude
smaller than C4 + C}, it can be neglected, giving C ~ C4 + C;. The DC bias
& modulated signal voltage source, denoted BMS, provides DC bias V; and AC
sinusoidal modulated signal voltage Vl for the CryoSTM-TIA. In simulations,
C; is always taken as 0.5 pF [16]. The TIA connects to the signal source circuit
to form the CryoSTM-TTA, whose performance can be simulated with TINA-TI
using parameters from .

The loop gain T}, of the proposed CryoSTM-TIA is [23]

Ty (f) = —aa(NB(S) = —as())/L/B)],

where B(f) is the feedback factor with reciprocal

1/8(f) =14+ Zp[l/R;+1/R,4 + 2nf(C4 + Cp)l. (2.5)
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From Eq. (2.5), |1/8(f)| and Z(1/5(f)) can be calculated. Figure 4: see original
paper shows calculated results for |1/8(f)|,z and Z(1/8(f)) with R; = +oo,
while Figure 4: see original paper shows results with R; = 1 M(Q). Both figures
show Ty ly5 = laalag — 11/8(f)|lag < —10 dB for f > 465 kHz and £(T}) =
L(—a,)—ZL(1)B) = L(ay)—180°—ZL(1/5) > —130° for f < 465 kHz. Therefore,
the CryoSTM-TIA is stable with gain margin exceeding 10 dB and phase margin
exceeding 50°.

2.5 Voltage Gain and Transimpedance Gain of the Proposed
CryoSTM-TIA

With the compensated feedback network from Section 2.3, Z can be considered
equal to R in (0, 1 MHz]. Accounting for TJ capacitance C';, the T.J impedance
is Z, = R,;/(1+j2nfR,C;), and C ~ C4 + C;. When AC input voltage V; is
applied by BMS, the CryoSTM-TTA output voltage is Vo, and the voltage gain
is A, =V,/V,. In (0, 1 MHz], nodal analysis gives

1
A ~— . 2.6

Setting Vl = 0 and applying a sinusoidal current source fi in parallel with the
TJ, the CryoSTM-TIA output voltage V, is generated. The transimpedance
gain is A, = V_/I,. In (0, 1 MHz],

R
Ay~ ——— L : 2.7
Disconnecting the TTA from the signal source circuit and applying a sinusoidal
current source [; to the TIA input, the output voltage V, is generated. The
TIA transimpedance gain is A, = V /L. In (0, 1 MHz],

Rp

App o —— L
o 1—j2nfR.C 4

(2.8)
Considering R4 > Ry and |a | > 1, A,p simplifies to Eq. (2.8). [Figure 5: see
original paper] shows |A;;/Rp|,5 and Z(A,r/Rp) calculated by Eq. (2.8) with
parameters from , which agrees with TINA-TI simulation results in [10 mHz, 1
MHz], verifying Eq. (2.8). The upper cut-off frequency of A,;(f)/Rp, its -3 dB
frequency f;r, is about 201 kHz. Comparing Eq. (2.7) with Eq. (2.8), since

Cy+C,+C;,~C,+C; ~C, and R; > 103R, the CryoSTM-TIA upper
cut-off frequency is approximately equal to f;,.

2.6 Transient Response of the Proposed CryoSTM-TIA

Simulation results for the transient response of the proposed CryoSTM-TIA are
shown in Supplemental file 3 [24]. For the CryoSTM-TIA, the transient response
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time ¢, is defined as the time from applying an input step signal voltage until
the output response stabilizes within a certain error. In simulations, a resistor
with constant resistance R, replaces the tip-sample junction. For R, > 30 M2,
t, <5 ps for 0.1% error. For 5 MQ2 < R, < 30 MQ, ¢, < 5 ps for 1% error. For
1 MQ < Ry < 5MQ, t,. <5 ps for 3% error.

3 Inherent Noise of the Proposed CryoSTM-TIA

For the proposed CryoSTM-TIA circuit shown in [Figure 1: see original paper],
a differential equivalent circuit with all noise sources is used to calculate its

equivalent input noise. Noise calculation details are provided in Supplemental
file 4 [25].

3.1 Equivalent Input Voltage Noise and Equivalent Input Current
Noise of Inv-Amp

The equivalent input noise voltage and current of the HEMT are denoted e and
iy, respectively. Resistors Ry, Ry, and Ry are in the 4.2 K cryogenic zone, and
their noise above 1 kHz is thermal noise, which can be neglected [3]. Resistor
R, is also in the 4.2 K cryogenic zone, with thermal noise voltage ery. The
thermal noise voltages of resistors R, and R, are e; and e,. The equivalent
input noise voltage and current of the Rear-OPA are e, and i,. These noise
sources are independent. The equivalent input noise voltage and current of Inv-
Amp are e, and iy, with €% as its equivalent input noise voltage PSD, i% as
its equivalent input noise current PSD, and e 4¢% and i e% as the cross-spectral
densities. Using nodal analysis and the Wiener-Khinchin theorem while ignoring
minor terms yields [25]:

2
R €2 + e2 + 2
e =eX + (HL) ehy + 22— 12 (3.1)
9 _ 9 22 [ BuL ? 2 60 +ef +e3
Ya =1y + <27Tf) CA R erg + (27Tf) T, (32)
H vP
= (i ") ; Ryi\” , o e teltel
eity = (igehy)" = —52mfCy o eRH—j27rfT (3.3)
H vP

With parameters from , for the Inv-Amp in this work: €% = 0.14 (nV)?/Hz
and i%4 = 0.5 (fA)?/Hz at f = 10 kHz, and €% = 0.09 (nV)?/Hz and % = 4.9
(fA)?/Hz at f = 100 kHz. For the Macro-OPA in Ref. [3]: €4 = 0.28 (nV)?/Hz
and i% = 20 (fA)?/Hz at f = 100 kHz.

In this work’s Inv-Amp, resistor R replaces transistor H2 from the Macro-OPA
in Ref. [3]. The noise generated by Ry is two orders of magnitude smaller than
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that generated by H2 in Ref. [3] (i.e., e%). Therefore, the equivalent input noise
of this work’ s Inv-Amp is much lower than that of the Macro-OPA in Ref. [3].

In Eq.  (3.2), (1 + Ry /Ry)%% is one order of magnitude smaller than
(27rf>2<cgs+ng+CARHL/Rd>26%—I' In Eq. (3.1), (Cgs+cgd+CARHL/Rd)2i%{
is two orders of magnitude smaller than C’ie%. Further ignoring minor terms
in Egs. (3.1), (3.2), and (3.3) yields:

2 2 2
e, +ej+e;

e} ~ el + e , (3.4)
vP
€2 + ¢2 + 2
i ~ i 4 (2nf)20% 2 A; = (3.5)
vP
2 2 2
eaity = (i4ey)" ~ —j2rfC, @t ATD (3.6)

2
AvP

3.2 Equivalent Input Voltage Noise and Equivalent Input Current
Noise of the Proposed TTA

The equivalent input noise voltage PSD of the TIA is e%, its equivalent input
noise current PSD is i2., its equivalent input noise voltage-current PSD is ei’,
and its equivalent input noise current-voltage PSD is ipel. [25]:

et =e4 ~et + e , (3.7)
vP
4k T e? AT €2 +e2 +¢2 €2 + 2 + e2
.9 B A .9 B a 1 2 | 2 22 €a 1 2
i = = i~ + +iy 4+ 2nf)°CL—+———=,
A R VAR 2,
(3.8)
2 2 2 2 2 2 2 2
- . O\ % eA - eH €q + €7 + €5 . €q + €71 + €5
epir = (iper) Ry Tealy Ry 2R, J2mfCy A2,
(3.9)

3.3 Equivalent Input Current Noise of the Proposed CryoSTM-TIA
The equivalent input noise current PSD of the proposed CryoSTM-TIA is [25]:

1 1 1
2, = | L 1 (27rf>20%J] e%+( +j27TfCIJ> eTi*T+( —jQWfCIJ> iz,
R? R, R,
(3.10)
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where C;; = C; + C;. Substituting Egs. (3.7), (3.8), and (3.9) into Eq. (3.10)
yields:

2
4kgT 1 1 e2 +e? + e2 €2 +e? + e2
2 2 B 2 a 1 2 2 2 2 a 1 2
fin = Tt +(RJ + RF) {eH e ]+<27rf> (Ca+2CaCry) |+ =
(3.11)

This can be simplified to:

4T (1 1
02, = ih + — +(

2
R, 7 + RF) e+ @2nf)? [CF +204C ) €% (3.12)

For the proposed CryoSTM-TIA, R, =1 GQ, C4 = 26 pF, C; = 0.5 pF, and
C; =10 fF. Ry and the TJ are in the 4.2 K cryogenic zone. With R; =1 MQ,
i2 and its four components are listed in , along with noise components from the
CryoSTM-TIA in Ref. [3]. The CryoSTM-TIA proposed here has equivalent
input noise current PSD of 0.62 (fA)?/Hz at 10 kHz and 5.3 (fA)?/Hz at 100
kHz—significantly lower than Ref. [3].

For the CNRS-HEMT epi-wafer, Si doping in Al Ga, As creates two electronic
states: a shallow, delocalized donor level associated with the normal substitu-
tional site configuration (shallow donor state), and a more localized acceptor
level called the DX~ center arising from lattice distortion. In Al Ga; As with
x > 0.22, the DX~ bound state is more stable than the shallow donor state. For
the CNRS-HEMT used here, z = 0.37. A large repulsion barrier E,,, exists for
the shallow donor to DX~ transition, so DX~ centers freeze when T' < 120 K
[26, 27]. According to studies on CNRS-HEMT noise mechanisms [5], the “bias-
cooling method” can control the density of frozen DX~ centers in the HEMT
doping region. This unique method enables in-situ modification of the HEMT
structure to reduce noise. By cooling the HEMT with positive gate-source volt-
age, more electrons freeze into DX~ centers. At low temperatures, the absolute
gate-source voltage required to maintain the ideal operating point decreases,
reducing gate leakage current and thus low-frequency noise from gate leakage
[5]. This reduces the CryoSTM-TTA’ s inherent noise. Moreover, if the HEMT
used is not a CNRS-HEMT or its noise performance is inferior to , the “bias-
cooling method” can compensate. This approach is particularly convenient for
singleeHEMT Pre-Amps.

4 Operating State Adjustment and DC Tunneling Current
Measurements

For the CryoSTM-TIA in [Figure 1: see original paper| with parameters from ,
operating state adjustment proceeds as follows: (1) Disconnect Pre-Amp from
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Post-Amp and ground the Pre-Amp input (HEMT gate G). Keep R, = 0. Ad-
just Ry, Rp1, and R,y to set the HEMT at its ideal operating point (V,;, = 100
mV, I;, = 1 mA) and equalize potentials at O1 and O2. That is, adjust R,
and Ry, to achieve Ry = Rg + Vy,/I1;, = Rg+ 100 . (2) Cascade Pre-Amp
and Post-Amp to form Inv-Amp, keeping input G grounded. Adjust R, and R,
to set Inv-Amp DC output voltage V,,, to 0 while maintaining the HEMT at
its ideal operating point. (3) Connect Inv-Amp output O and input G through
the feedback network and disconnect input G from ground to form the TIA.
Input G remains disconnected from the signal source circuit, so Inv-Amp input
G and output O potentials stay at 0, since the HEMT input resistance R 4 is ef-
fectively infinite. In the feedback network, Rp+ R, ~ Rp = 1 GQ. (4) Connect
the signal source circuit to the TTA to complete the CryoSTM-TITA.

As f — 0, ay — ayg, where ay, is the Inv-Amp DC voltage gain. |a,0l,5 &~
(9mBs/94Ri)ap ~ 94.5 dB, consistent with the TINA-TT simulation result
|a a0l = 92 dB shown in [Figure 2: see original paper]. When DC bias V; is
applied by BMS, the TJ DC resistance is R, the input G potential is V;, and the
CryoSTM-TIA output voltage is V,. Clearly, a,4,Vy =V, and (V, — V)/R =
(Vg —V,)/Rg. The DC bias on the TJ is V =V, — V, and the DC tunneling
current is I = (V, — V;)/R. An approximate current value is

I,=-V,/R,. (4.1)

The relative error is

E. = = I/ = 1/(1 = au).

With |ay0lys & 92 dB, E, < 30 ppm, consistent with simulation results [28].
Since a 40Vg =V, the DC bias on the TJ is

V=V, =V,/au. (4.2)

From Eq. (4.1), V, = —RpI, ~ —RpI = —RzV/R. From Eq. (4.2), V, ~
V —RpV/(Ra,g). Since the minimum R is not less than 1 M2, R > 1 M{2, so
|Rp/(Rag)| <1/40. Thus, V =~ V,. From measured V,, we obtain I ~ I, and
V =& V,. Therefore, scanning tunneling current spectra I = I(V') (V € [V, Vy])
can be obtained, where V; and Vi are the measurement voltage limits.

The drift of V,,,, can be considered as amplification of the Inv-Amp input offset
voltage drift V,g, where V. = a4,Vg- For the TIA, the output drift voltage
approximates Vyg. The estimated drift of |Vig| is less than 17 pV/°C [29].
The Pre-Amp power supply consumes less than 40 mW. A temperature control
system based on TEC devices [30] can maintain temperature fluctuations of the
power supply and Rear-OPA within 0.01 °C, ensuring V¢ fluctuations within
170 nV, i.e., TIA output fluctuations within 170 nV.
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To verify the TTA design methods, we performed the work described in Ref. [31].
An N-Channel JFET (SST4393-T1) was selected to replace the CNRS-HEMT,
and a TTA was designed and fabricated using the same circuit design method
and topology. The electrical and noise performance of the JFET-based TIA at
77 K were measured [31], with experimental results basically consistent with
calculations and simulations, verifying the design methods.

5 Applications for the Proposed CryoSTM-TTA in Spectra
Measurements

For most applications, the CryoSTM-TIA transimpedance gain magni-
tude |A;(f)] must first be measured. A,(f) is given by Eq. (2.7). Since
laa(f)lag > 90 dB in [1 kHz, 300 kHz| as shown in [Figure 2: see original
paper], when R; > 103Rp, |A;(f)| in [1 kHz, 300 kHz] can be approximated
as

_ Rp
=27 fRp(Cy+Cp)/as(f)]

A (f)] (5.1)

The measurement procedure is described in Ref. [3].

5.1 Measurements of Scanning Tunneling Differential Conductance
Spectra by the Proposed CryoSTM-TIA

The TJ differential conductance G; = 1/R; is a function of voltage V ap-
plied to the TJ. When the modulated signal voltage frequency f from BMS is
low enough (e.g., f < 1 kHz), Eq. (2.6) gives A, = —R;(V)/[R;(V) + Rp].
Therefore, R;(V) ~ [-1/A, + 1/a,(f)]Rr. When measured |A,| < 1000,
R;(V)~ Rp/|A,| since |a,(f)|4z = 85 dB for f < 300 kHz as shown in [Figure
2: see original paper]. From measured |A,| = |V,|/|V;|, differential conductance
spectra G;(V) =1/R;(V) (V € [V}, V]) can be obtained.

Increasing the modulated signal frequency f can accelerate scanning tunnel-
ing differential conductance spectra measurements. In [1 kHz, 300 kHz|, for
Ry >1MQ, Eq. (2.6) gives |A,(f)| ~ |Z;(/)|/|Rp + Z;(f)1 = j2m fRp(Cy +
Ci)fa(F)]l. Therefore, 1/1Z,() ~ |A,(NI/IA(f)], where |A,(f)] is given
by Eq. (5.1). Both |A,(f)| and |4,(f)| can be measured. Since 1/|Z,(f)| =
\/1/R3 + (2nfC';)?, selecting two different frequencies f; and f, in [1 kHz, 300
kHz] yields |Z;(f;)| and |Z;(f5)|. R; and C; can then be solved from these

measurements.

Because the CryoSTM-TIA inherent noise is very small, the modulated signal
voltage amplitude V; can be very small, significantly improving STS energy
resolution.
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5.2 Measurements of Scanning Tunneling Shot Noise Spectra by the
Proposed CryoSTM-TIA

The measurement method for tunneling shot noise spectra using the proposed
CryoSTM-TIA is essentially the same as described in Ref. [3] and is only briefly
summarized here.

Before tip-sample approach in CryoSTM, R ; can be considered infinite and C;
zero. In this case, the CryoSTM-TIA output noise voltage PSD S, (f) can be
measured, and the equivalent input noise current PSD 42(f) is

i (f) = S (H)/IANI%, (5.2)

where |A4,(f)| is obtained from Eq. (5.1).

To measure STSNS of a quantum system with the CryoSTM-TTA, the tip-sample
distance is adjusted and interval [V}, V] is selected so that shot noise measure-
ments at V € Dy, = {V|V, <V <Vy,G;(V) < 1uS} are needed to study the
quantum system’ s physical properties [3]. In Dy,, the output noise voltage PSD
Sum (f3 V) can be measured. The tunneling noise current PSD is S;(f, V). The
CryoSTM-TIA equivalent input noise current PSD depends on R, making it a
function of V, denoted 2, (f, V). For S,,.(f,V),

From Egs. (5.2) and (5.3),

Ssum,(f7 V) — Ssu(f)
1A, ())I?

where 0(f,V) =2, (f,V) —i2(f). From Eq. (3.12),

- 5(fa V)a

SI(faV):

Ak, T
Rp

2 2 2
e, +ef+e;
2
A’UP

iB(f) =iy + + (21 f)? [CF +20,Cy] | e3; +

And 2, (f,V) comprises the four terms shown in Eq. (3.12). According to ,
|5(f, V)| is smaller than 0.3 (fA)?/Hz in [10 kHz, 100 kHz) and 0.1 (fA)?/Hz
in [100 kHz, 200 kHz]. §(f,V) can be neglected compared to S;(f,V) as long
as the minimum G ;(V) (V € Dy,) is not too small. Therefore, S;(f,V) can be
obtained as

Ssum(f7 V) — Ssu(f)
1A (£

SI(fvv) ~
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from measured S,,,,(f,V), S..(f), and |A4,(f)|. The STSNS S;.(I) = 2Fel|l|
can then be extracted from S;(f,V), where I = I(V) (V € Dy,) is the DC
tunneling current at bias V.

Compared to the CryoSTM-TIA in Ref. [3], the CryoSTM-TIA proposed here
has the same transimpedance gain, bandwidth above 200 kHz, but much lower in-
herent noise. The inherent noise is only 5.3 (fA)?/Hz at 100 kHz with 6(f,V) <
0.1 (fA)?/Hz at 100 kHz, whereas Ref. [3] had 21 (fA)?/Hz at 100 kHz with
5(f,V) < 0.28 (fA)? /Hz at 100 kHz. Therefore, measurements of novel quantum
states in various quantum systems are more accurate with this apparatus.

For example, when investigating MBS existence in a magnetic flux vortex of
iron-based superconductors using CryoSTM [4], the tunnel junction resistance
must be large enough to rule out incoherent Andreev reflection under weak
tunnel coupling conditions [32]. In Ref. [4], the tunneling current I is quite low
(see Fig. 3(a) in Ref. [4] and Figs. S2(a) and (b) in its supplemental file). At
tunnel junction bias V' = 0.3 mV, I is only tens of pA, and the corresponding
shot noise may be only a few (fA)?/Hz. For shot noise measurements in this
system, the CryoSTM-TIA proposed here is clearly much more effective and
accurate than that in Ref. [3].

6 Conclusion

This work presents a transimpedance amplifier (TTA) design for cryogenic scan-
ning tunneling microscopy. The TTA integrated with the tip-sample component
is called CryoSTM-TIA. The proposed CryoSTM-TIA has a transimpedance
gain of 1 G2, bandwidth exceeding 200 kHz, and equivalent input noise current
PSD of only 5.3 (fA)?/Hz at 100 kHz.

In this CryoSTM-TIA, a single CNRS-HEMT Pre-Amp replaces the differential
Pre-Amp with a pair of CNRS-HEMTS from Ref. [3]. This avoids the difficulty
of matching identical HEMTs and, by eliminating one noisy HEMT, reduces the
apparatus inherent noise to 1/4 of that in Ref. [3].

Furthermore, the inherent noise of the single HEMT can be in-situ reduced
by the “bias-cooling method.” With this apparatus, fast high-energy-resolution
scanning tunneling spectroscopy measurements can be performed, and very low
tunneling shot noise of quantum systems can be measured at the atomic scale.
This apparatus can investigate novel physical properties of various quantum sys-
tems, such as detecting Majorana bound states in topological quantum systems.
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Supplemental file 1: Voltage gain peaks for cables
Figure s1-1 The circuit scheme for measuring voltage gain peaks for cables.

A 1l-meter cable with 50 € characteristic impedance has a distributed capaci-
tance of 100 pF and distributed inductance of 250 nH, shown in Fig. s1-1. In
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Fig. s1-1, R = 1.5 kQ and the gain is V,/V;,,. Simulation results show its dis-
tributed LC structure produces several resonant gain peaks in [80 MHz, 1 GHz|
as shown in Fig. s1-2. When the input signal V;,, is the thermal noise of R (1.5
kQ) at 300 K, we amplify V, with Amplifier SA-220F5 (gain = 200, f, = 200
MHz) and measure the cable gain peaks with an oscilloscope. Fig. s1-3 shows
the measured gain peaks for the cable.

Figure s1-2 Simulation results of gain peaks for a 1-meter cable with dis-
tributed capacitance of 100 pF and distributed inductance of 250 nH.
Figure s1-3 The input signal V,,, is the thermal noise of R (1.5 kQ2) at 300 K.

Measured results of gain peaks for a 1-meter cable with distributed capacitance
of 100 pF and distributed inductance of 250 nH.

Supplemental file 2: Voltage gain of Inv-Amp

Figure s2-1 Inv-Amp circuit with all components for Egs. (s2.1-s2.8), with
parameters from Table 1 in the article.

Using nodal analysis, Inv-Amp voltage gain a 4(f) is calculated by the following
equations. All components for Egs. (s2.1-s2.9) are shown in Fig. s2-1, with
parameters from Table 1 in the article.

[Equations s2.1-s2.9 would appear here with proper formatting]

Figure s2-2 Inv-Amp voltage gain a 4(f). Solid curves show |a4(f)|;5, dashed
curves show Z(a 4(f)). Red curves are TINA-TI simulation results, green curves
are nodal analysis calculations (Eqgs. (s2.1-s2.9)), and black curves are calcula-
tions using Egs. (2.1), (2.3), and (2.4) from the article.

Fig. s2-2 shows the Inv-Amp voltage gain magnitude |a,(f)| 5. The red solid
curve is the TINA-TT simulation, and the green solid curve is the nodal analysis
calculation. They are identical. The black solid curve is from Egs. (2.1), (2.3),
and (2.4) in the article. For f € [3 kHz, 10 MHz|, all three curves are identical.

Fig. s2-2 also shows the Inv-Amp voltage gain phase Z(a4(f)). The red dashed
curve is the TINA-TI simulation, and the green dashed curve is the nodal anal-
ysis calculation. They are identical. The black dashed curve is from Eqs. (2.1),
(2.3), and (2.4) in the article. For f € [3 kHz, 10 MHz], all three curves are
consistent.

Supplemental file 3: Transient response of the proposed CryoSTM-
TIA

Figure s3-1 A resistor with constant resistance R, replaces the tip-sample
junction for simulation. TINA-TT simulation results for CryoSTM-TTA transient
response with different R, over a 10 ps interval. The dashed curve is the step

input signal V;/V;, ., for different R,. Solid curves are the output response

chinarxiv.org/items/chinaxiv-202212.00178 Machine Translation


https://chinarxiv.org/items/chinaxiv-202212.00178

ChinaRxiv [$X]
V.V,

st- Here, V. and V,, ., are their values at 300 ms after applying the step
input V;, shown in Fig. s3-2. Transient response time ¢, < 5 us. (b) is a zoom-in
of the output response V,/V,, from (a).

Figure s3-2 A resistor with constant resistance R, replaces the tip-sample
junction for simulation. TINA-TT simulation results for CryoSTM-TTA transient
response with different R, over a 300 ms interval. (a) Step input signal V;/V;,, ..
(b) Output response V_/V, .. V_ /V_ ., =1 for t > 100 ms. (c) is a zoom-in of

(b).

A resistor with constant resistance R, replaces the tip-sample junction for simu-
lation. Fig. s3-1 shows TINA-TI simulation results for CryoSTM-TIA transient
response with different R, over a 10 ps interval. The dashed curve is the step
input signal V;/V;, .., and solid curves are the output response V, /V, _, for differ-
ent Ry. Here, V,, and V;,,, are their values at 300 ms after applying step input
V;. Error is defined as |V, — V,_,|/|V.4|- For the CryoSTM-TIA, transient re-
sponse time ¢, is the time from applying the step input voltage until the output
stabilizes within a certain error. As shown in Fig. $3-1 and Figs. s3-2(b)&(c),
with Ry =1 GQ and 30 MQ, ¢, < 5 ps for 0.1% error. With Ry =5 MQ, ¢, <5
s for 1% error. With Ry =1 MQ, ¢,. < 5 ps for 2.5% error.

Supplemental file 4: Noise of the proposed CryoSTM-TIA
S4.1 Noises of STM-TIA

For Inv-Amp, the equivalent input noise voltage is e 4 and equivalent input noise
current is 74, with harmonic components at frequency f denoted E, and I,4.
[Matrix equations]| can be obtained by nodal analysis. By the Wiener-Khinchin
theorem, [spectral densities] can be derived from [S4R1, S4R2]. The two matrix
elements on the main diagonal are the equivalent input noise voltage PSD 6?4
and current PSD i%. The off-diagonal elements are the cross-spectral densities
ety and i4€%.

Inv-Amp connects to feedback resistor Ry to form TIA. The equivalent input
noise voltage of TIA is e and its equivalent input noise current is ip, with
harmonic components E and I. The feedback resistance R is at temperature
T, with noise voltage e and harmonic component E.

Figure s4-1 (a) TIA circuit with input short-circuit containing Inv-Amp equiv-
alent input noise voltage e, and current ¢4, and output noise voltage e r,;
(b) Noiseless TIA circuit with TTA equivalent input noise voltage e, as in-

put signal and output noise voltage e, r,.. Equivalence of these circuits means

€oTv = €oTve:
For TIA, the circuit with all noise sources and input short-circuit is shown in

Fig. s4-1(a), with output noise e p,. The noiseless circuit with TIA equivalent

input noise voltage e; as input is shown in Fig. s4-1(b), with output noise e .
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To calculate TTA equivalent input noise voltage, equations are established based
on circuit equivalence (e 7, = €,7.). By nodal analysis, B, = E .

Figure s4-2 (a) TIA circuit with input open-circuit containing Inv-Amp equiv-
alent input noise current i, and output noise current e, p,; (b) Noiseless TTA
circuit with TIA equivalent input noise current i, as input signal and output

noise voltage e, ;.. Equivalence means e, p; = € 7.

For TIA, the circuit with all noise sources and input open-circuit is shown in
Fig. s4-2(a), with output noise e, ;. The noiseless circuit with TTIA equivalent
input noise current i, as input is shown in Fig. s4-2(b), with output noise e ;..
To calculate TTA equivalent input noise current, equations are established on
€ori = €oric- By nodal analysis, I = I, + (E4 + Er)/Rp.

[Matrix equations] yield, by Wiener-Khinchin theorem, the two main diagonal
elements as TIA equivalent input noise voltage PSD e% and current PSD 42,
and off-diagonal elements as cross-spectral densities e and ipef.

The noise voltage PSD of Ry is 4kgT /Ry [S4R1, S4R2]. TIA connects to
the signal source circuit to form STM-TIA. The STM-TIA equivalent input
noise current PSD can be obtained [S4R1-S4R3| by [matrix equation|. Here,
Cry; = C; + C;. Substituting equations yields the final noise expression.

S4.2 Noises of the proposed CryoSTM-TTA
S4.2.1 Equivalent input noise voltage and current of Inv-Amp

For Inv-Amp, HEMT equivalent input noise voltage and current are ey and i,
with harmonic components Fy and Iy. g, is HEMT transconductance and
g4 is channel conductance. Resistor Ry noise voltage is epy with harmonic
component Egy. Resistors Ry, R,, and feedback resistance R, have noise
voltages ey, €5, €y with harmonic components E;, Ep,, Es. Resistors Ry
and R, have noise voltages e;, e, with harmonic components E,, E,. Here
R, = Ry = Ry. All noise from Ry, Ry, Ry, Ry, R., and R, above 1 kHz
is thermal noise. R; = Ry || (1/94) and Ry = Ry || Ry, are defined. Rear-
OPA equivalent input noise voltage and current are e, and i, with harmonic
components F, and I,. These noise sources are independent. For Inv-Amp
consisting of Pre-Amp and Post-Amp, its equivalent input noise voltage and
current are e4 and %4, with harmonic components E, and I 4.

Figure s4-3 (a) Inv-Amp equivalent differential circuit with input short-circuit
containing all noise sources and output noise current e_,,; (b) Noiseless Inv-
Amp circuit with Inv-Amp equivalent input noise voltage e, as input signal
and output noise voltage e Equivalence means e, 4, = €,4,.. Lhe triangle
OPA is the Rear-OPA.

oAve*

The Inv-Amp equivalent differential circuit with all noise sources and input
short-circuit is shown in Fig. s4-3(a), with output noise e, 4,. The noiseless
circuit with Inv-Amp equivalent input noise voltage e 4 as input is shown in Fig.
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s4-3(b), with output noise e, 4,.. To calculate Inv-Amp equivalent input noise

voltage, equations are established on e, 4, = €,4,.. By nodal analysis:

By~ Ey+

ErpZur B Zup(Era/Rp+ Ef/Rf)+ E, +E1 —E, (1
AvPlRH ngL AvPl Aij AvPl Im
(s4.6)

where A?)Pl = gm/[l/RL + 9a +]<27Tf)02], Aij = gm/[l/RL +gd +.7(27Tf)cm“]a
Zyp =Ry /1 +j2nf)Ry C, ], and Cyp. = C; + C,.

The Inv-Amp equivalent differential circuit with all noise sources and input
open-circuit is shown in Fig. s4-4(a), with output noise e, 4;. The noiseless
circuit with Inv-Amp equivalent input noise current i 4 as input is shown in Fig.
s4-4(b), with output noise e, ;.. To calculate Inv-Amp equivalent input noise
current, equations are established on e, 4; = €,4;.. By nodal analysis:

. ErnZ . E )
Iy~ Ig+j2nf)C g —EEEIE —j(2n f)C g —2+j(2n f)C gy

A
+ HL>I

Zy(Eps/Rp + E;/Ry)

Aij

AUPI
(s4.7)

where Csd = Cgs + qu, CAl = Cgs + ng(l + A’UPl)7 and CA] = Cgs + qu(l +
AUPj)'

For measured frequency f,, < 300 kHz, 27 fC; < 0.3 mS with C; = 150 pF
and 27 fC, < 0.1 mS with C,. = 50 pF, but 1/R; = g, + 1/R;, = 2 mS and
1/Ryy, = 1/Ry +1/Ry, = 6 mS. Thus A,py = g,,/[1/R + g4 + j(27f)C}]
and A,p; = g,,/[1/ Ry + g4 + j(27f)C;,] simplify approximately to —A,p =
I/ (VR + gq) = 9 Rys Zyp, to Ry, and Cy; to Cy.

A,p1 Ry amBr

By the Wiener-Khinchin theorem, ignoring small quantities like thermal noise
from Ry, Ry, and R

2
R €2 +e? + e3
e ~ e + ( HL) €%, + 412 (s4.9)
Rt \2 €2 42 12
iy ~ iy + (21 f)2C% ( RHL) el + (27rf)2“T12, (s4.10)
H vP
2
R 2,2 .2
ety = (ia€3)" ~ —j2mfCy ( R“) ki —jzwfeatf% (s4.11)
H vP

Here, €%, and i3, are CNRS-HEMT equivalent input noise voltage and current
PSDs. €2 and i2 are Rear-OPA equivalent input noise voltage and current PSDs.
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e?, €3, and €%, are thermal noise voltage PSDs of Ry, Ry, and Ry. ek, =
4kpTr Ry = 1.66 (nV)?/Hz, where Ty = 300 K. €2 = 2.25 (nV)?/Hz and i2 = 4
(pA)?/Hz for f > 10 kHz [S4R4]. In Eqgs. (s4.9)-(s4.11), (1 + Ry, /Ry)*i%
is one order of magnitude smaller than (27f)*(C,s + C,q + CoRpyp/Ry)e3;.
(Cys + Cya + C4Ry 1 /Ry)%i%; is two orders smaller than C3e3; in Eq. (s4.9).
(27 f)2C%(Ry /Ry )*e% y is one order smaller than (27 f)2C4e%, in Eq. (s4.10).
Further ignoring small quantities in Eqgs. (s4.9)-(s4.11) yields:

e} ~ el + yE , (s4.12)
vP
62 +€2 + 62
i4 ~ % + (27 f)2C% 2 A; 2 (s4.13)
vP
2 2 2
e )ity = (i¢%) ~ —jonfC, et (s4.14)

i,
S4.2.2 Equivalent input noise voltage and current of TTA

For TIA, substituting Eq. (s4.12) into Eq. (s4.1), Egs. (s4.12) and (s4.13) into
Eq. (s4.2), and Eqgs. (s4.12) and (s4.14) into Eq. (s4.3) yields TIA equivalent
input noise voltage PSD eZ, current PSD i, voltage-current PSD ei%, and
current-voltage PSD ipe7:

2 2 2
9 e, +elte;

er ~ e}y e , (s4.15)
vP
4kpT 2 2 2 2
ZQT ~ BT 6713 +Z%I + (wa)20124 {6%1 + W] , (s4.16)
RF RF A'UP
: , e7 . €2 4+ e? 4 €2
erip = (irep)” ~ FZ — 127 fCy [e% + ‘114212] (s4.17)
vP

S4.2.3 Equivalent input noise current of the proposed CryoSTM-TIA

Substituting Eqs. (s4.15), (s4.16), and (s4.17) into Eq. (s4.4) gives the proposed
CryoSTM-TTA equivalent input noise current PSD:

2 2 2
€2 +e? +e3
D) ;
A’UP

2
4kpT 1 1 €2 +e? 4 e2
-2 -2 B 2 a 1 2 2 2 2
2~ 14+ +| =+ — 4+ L= +(2 c4 +2C,C +
Z’L’I’L ZH RF (RJ RF) |:6H 4%13 (’le) [ A A IJ] 6H
(s4.18)

where C;; =C;+C;and C =C, +C;+ C;. Eq. (s4.18) is Eq. (3.11) in the
article. And
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Ak T 1 1)’
2~ i =2 [+ | 4+ (2nf)? [0 +20,C ) €%, (s4.19)
Rp R;  Rp

where C = Cy + C; + C; and C?, = C%€%. Eq. (s4.19) is Eq. (3.12) in the
article.
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Supplemental file 5: Estimating the DC tunneling current error for
CryoSTM-TIA

Figure s5-1 For the proposed CryoSTM-TIA, E, = |I, — I|/|I| vs. R (R € [1
MQ, 1 GQJ) simulated by TINA-TT with V; = 1 mV (black curve) and V; =5
mV (red curve).

For the proposed CryoSTM-TIA, Fig. s5-1 shows TINA-TT simulation results
for E. = |I, —I|/|I] vs. R (R € [1 MQ, 1 GQ]) with V; =1 mV (black curve)
and V; = 5 mV (red curve). Simulation results show E, < 30 ppm, consistent
with calculated results in the article.

Supplemental file 6: Estimation of Inv-Amp input offset voltage
Figure s6-1 DC circuit of the inverting amplifier.
Table s6-1 Parameters of THS4021 [S6R1] as Rear-OPA in Post-Amp

Parameter Value

Open-loop DC voltage gain a, 97.5 dB

Input offset voltage drift [V, (|/°C" 15 nV/°C

Input bias current I, I, 100 nA /°C (estimated)
CMRR 95 dB

a, = a,;/CMRR 2.5 dB

Pre-Amp in the left dashed box of Fig. s6-1 uses CNRS-HEMT CH. CH source
is grounded via variable resistor Rg. CH drain connects to R,. Variable resistor
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R, is adjustable from 0 to 10 Q. R} = Ry = R, = 1 kQ. Its input (CH gate) is
grounded. Its two outputs Ol and O2 are disconnected from Post-Amp. PVR
LM4050-10 provides constant 10 V (Vp, = 10 V) with typical temperature
coefficient $+$40 ppm/°C [S6R2]. Keeping R, = 0 and adjusting Ry, Rg, and
Ry sets CH at its ideal operating point (I;; = 1 mA, V;, = 100 mV) with equal
DC voltages at O1 and O2. The gate-source voltage is V,, = —I;,Rg. For the
ideal operating point, assuming V,; = —50 mV gives Rg = 50 Q and Ry = 150
Q.

Cascading Pre-Amp and Post-Amp forms Inv-Amp. Adjusting Ry and R, main-
tains CH at its ideal operating point with Inv-Amp DC output voltage at O equal
to 0.

For Inv-Amp, assuming output voltage drift v, for 1 °C, the voltage drift at
output O1 is v; and at O2 is v,. The power supply output voltage drift is v,,
PVR voltage drift is v,, and CH source voltage drift is v;. The Inv-Amp input
offset voltage drift can be obtained from:

[Equations $6.1-s6.7]

where Vg is the Inv-Amp input offset voltage drift for 1 °C. Solving these
equations gives:

Vos ~ Ly, (149, Rs) /9 —Tpn9alpr [ 9m—0p (149, Rs) (29, Rp) =V, 1 1 (14294 R +9,, Rs) / (29, R1,)

and

Vg R ’UpRs/(2RT) — IprS'

Therefore, [v,] < 0.4 mV is the power supply current drift for 1 °C.
High-precision resistors with low temperature coefficient are used, so resistor-
generated drifts can be neglected. Considering only PVR and Rear-OPA
drifts, |vgs] < 10 pV and |Vpg| < 17 pV. LM4050-10 power is less than 40
mW in this work, and THS4021 power is less than 200 mW. Temperature
fluctuations of LM4050-10 and THS4021 can be controlled within 0.01 °C using
the Temperature Control System [S6R3], ensuring total Inv-Amp input voltage
drift within 170 nV.

[S6R1] Webpage of THS4021 OPA, https://www.ti.com/product/ THS4021.

[S6R2] Datasheet of LM4050-10,  https://www.ti.com.cn/document-

viewer /cn/1lm4050-n/datasheet.

[S6R3] A suitable TEC device, https://datasheets.maximintegrated.com/en/ds/MAX1978-
MAX1979.pdf.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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