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In this work, the device performances of discrete and integrated SiGe heterojunction bipolar transistors
(HBTs) with different device structures from 300 to 4.8 K were investigated. The turn-on voltages of base-
emitter and base-collector junctions increased non-linearly with temperature cooled to 4.8 K. Energy
bandgap engineering was taken into account for the analytical model of the turn-on voltage versus tem-
perature. Incomplete ionization occurred in the base-collector junction because of the low doping con-
centration. The trap-assisted tunneling current in the forward base current was clearly observed below
20 K. The ideality factor and saturation current were shown to be temperature dependence. The ideality
factor was much larger than 2 below 40 K, indicating that the current is not only contributed by drift, dif-
fusion and recombination, but also by tunneling. The peak current gain of the discrete SiGe HBTs achieved
the maximum value of 3,388 at 80 K, while that of the integrated was 546 at 140 K. The transconductance
in logarithm was linearly dependent on reciprocal temperature above 50 K, but flattened below 50 K.
Early effect was evidently observed below 77 K in the fixed base current output characteristics of the dis-
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crete SiGe HBTs, and it was not obvious for the integrated SiGe HBTs.
© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Silicon-germanium heterojunction bipolar transistor (SiGe HBT)
technology is a promising solution for cryogenic temperature
applications [1-6] due to the excellent current gain, radio fre-
quency (RF) response and noise performance over an extremely
wide range of temperature [7]. It is well known that silicon bipolar
transistors are not suitable for cryogenic applications because of
the heavy doping effects and carrier freeze-out at cryogenic tem-
perature [8]. SiGe HBTs, in contrast, exhibit enhanced performance
at low temperature because of bandgap engineering [9].

Previously, III-V high electron mobility transistors (HEMTS)
have been successfully demonstrated for cryogenic circuit applica-
tions [10-19], which exhibit excellent transistor-like behavior at
cryogenic temperature. Unfortunately, the III-V semiconductor
technology is incompatible with Si complementary metal-oxide-
semiconductor (CMOS) technology and cannot be integrated [20].
Therefore, the seamless compatibility of SiGe HBT technology with
the conventional Si CMOS technology is the most important
advantage over the III-V technology [20-23]. Recently, Sander
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and co-workers [24-28] have developed plentiful researches about
cryogenic SiGe low-noise amplifiers (LNAs). Curry et al. [29] exam-
ined a discrete, commercial SiGe HBT for cryogenic preamplifica-
tion of a single electronic transistor.

Moreover, Cressler and co-workers [8,21-23,30,31] presented
the direct current (DC) measurements of the IBM 1st to 4th gener-
ation SiGe HBTs operating in cryogenic temperature regime. Espe-
cially, a highly scaled 90 nm SiGe HBT operating at temperature as
low as 70 mK has been demonstrated [23]. These results show that
SiGe HBT has overwhelming advantages over Si bipolar junction
transistor (BJT) at extremely low temperature regime. However,
the discrepancy of DC characteristics (such as the current gain
and transconductance) at wide temperature range between differ-
ent configurations had seldom been discussed in the previous
works. Therefore, it is urgent to study the impact of different
device structures on device performances at cryogenic
temperature.

In this work, we investigated the performances of a discrete
SiGe HBT and an integrated SiGe HBT with different structures
operating from 300 to 4.8 K. In Section 2, the device fabrication
and structure characterization are presented. In Section 3, an ana-
lytical model of the turn-on voltage for base-emitter (BE) and base-
collector (BC) junctions is developed and validated. In addition, we

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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examined the incomplete ionization effect. The detailed compar-
isons of device performance are given in Section 4. In Section 5,
we discuss the analytical model limitations and draw the
conclusions.

2. Device fabrication and structure characterization

Two distinct types of SiGe HBTs have been designed and fabri-
cated, i.e., discrete and integrated structures, which are named as
Sample 1 and Sample 2, respectively. As shown in Fig. 1, both types
of the HBTs have the typical layout configuration with one emitter
and two base regions. The device had a heavily doped poly-Si emit-
ter, an ultra-thin SiGe base layer with heavy boron doping, a lightly
doped n-type collector, and a heavily boron doped extrinsic base.
The SiGe alloys have grown by reduced pressure chemical vapor
deposition (Applied Materials Centura-Epi 200). Pure germane
(GeH,) diluted at 15% in H, was used as the source of Ge and
dichlorosilane (SiH,Cl,) was used as the source of Si. During the
epitaxial process, the growth rate and temperature were optimized
to decrease the surface roughness and minimize the threading dis-
locations and point defects.

The schematic cross section of Sample 1 is shown in Fig. 1a. The
collector is on the backside of the Si wafer. The total emitter area Ag
was designed to be 216 um? with a single emitter area of
0.85 pm x 16 um. For the SiGe alloy base region, the thickness
was about 55 nm, the boron doping concentration was around
4.5 x 10'® cm3, and the Ge composition was about 0.17. Sample
2 was designed as the integrated device, in which the collector
was at the front side of the Si wafer, as show in Fig. 1b. The tran-
sistor had an emitter geometry of 0.25 pm x 1.1 um. The Ge com-
position and thickness of the SiGe Base region were around 0.21
and 25 nm, respectively.

Cryogenic measurements ranging from 300 to 4.8 K were car-
ried out using a Janis Cryogenic Probe Station ST-500 with liquid
helium. The specified operating temperature was precisely con-
trolled by a Model 24C Cryogenic Temperature Controller. All DC
measurements in this work performed on an Agilent B1500A Semi-
conductor Parameter Analyzer. The prepared SiGe HBT wafers
were cut into chip dies. The electrical connections between the test
die and package were carried out by typical aluminum wire bond-
ing with a diameter of about 25.4 pm. To minimize residual noise,
triaxial cables were used to connect the probe station and the Agi-
lent B1500A.

Fig. 2 shows the cross sectional transmission electron micro-

width W were 1.5 and 0.85 pum, respectively. For Sample 2, shal-
low trench isolation was applied, and the Wgp and Wg were 0.55
and 0.25 pm, respectively. These results are consistent with the
device design specifications described above.

3. Analytical model description

We derive the expressions of turn-on voltage (V,,, defined as
Von =V|_.) of BE and BC junctions as a function of measurement
temperature. Junction current-voltage (I-V) characteristics of the
prepared HBT samples were measured from 300 to 4.8 K, where
the collector was open for the BE junction I-V measurement (the
emitter was open for the BC junction measurement). The junction
current density J is then normalized by Ag (Ac).

3.1. Vo, - T analytical model for complete ionization

The BE and BC junctions are hetero-structures composed of Ge-
induced region and Si region. The traditional Shockley equation is
taken as starting in the V,, ~ T analytical model. The Ge-induced
band offsets and bandgap-narrowing caused by the heavy doping
are also taken into consideration.

The most effective dependence of energy bandgap (E;) on tem-
perature of Si has been shown in Ref. [32]. Because the bandgap of
Ge is smaller than that of Si, the Ge-induced band offsets can be
written as AEg; & 0.74Xm01, Where X is the Ge composition. Hence,
for the SiGe alloys, Egsice is given by

oT?

Trg 0.74Xmol, (1)

Eg.SiGe(T) = Ego.Si - T+

where Eg_ s; is the bandgap of Si at 0K, o and ¢ are material param-

eters with o = 4.45 x 10™*eV/K, ¢ = 686 K.

The most widely used bandgap narrowing (BGN) model is the
Slotboom bandgap narrowing model [32-35], which is experimen-
tally determined from the I-Vge of NPN bipolar transistors. For
heavily doped semiconductor, the Boltzmann statistics are no
longer accurate and Fermi-Dirac statistics are applied. The idea of
Slotboom BGN model is to decrease artificially the apparent electri-
cal bandgap narrowing AEg,,p, by AEpp (correction to reduce the
error introduced by Boltzmann statistics), so that one can continue
to apply Boltzmann statistics to describe the heavily doped P-N
junction in equilibrium. The apparent bandgap narrowing AE; .p,
can be given as [33]

scope (TEM) images of the fabricated SiGe HBT devices. The SiGe Niot Niot | \ 2

base, poly-Si emitter, and contact regions can be clearly seen. For AEgapp = Erer | In <Nref> + <ln <Nref>> +05/. (2)
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Fig. 1. Schematic cross sections of investigated devices. (a) Sample 1, discrete SiGe HBT. (b) Sample 2, integrated SiGe HBT.
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Fig. 2. Cross sectional TEM images of investigated devices. (a) Sample 1. (b) Sample 2.

Hence, the true bandgap narrowing AEg . can be written as
AEg.,true = AEg,app - AEg.FDv (3)

where AEgp is given in Ref. [32], Ef is a constant with 9 meV, N
is the impurity concentration and N, is a constant equal to 107
cm—,

To obtain the dependence of V,, on the temperature for the
SiGe/Si heterojunctions, we start with the Shockley equation:

1=1[e (1) 1] @)

where N is the ideality factor, q is the electron charge, k is the Boltz-
mann constant, and J, is the saturation current density [36].

A2 _qéb
Jo= A Texp (7). 5)

where A" is the Richardson constant. @, is the barrier height. The
effect of temperature on &, is modeled as follow [37]:

(pb (T) = I;I;m czsb‘nom 3k_T 1 ( :;m)
T
- |:T—Eg.SiGe(Tnom) - Eg,SiGe(T):| ’ (6)

where Tyom is nominal temperature and has a value of 300 K, @y, is
the barrier height at Tpom.

For Vige > ’j{ the derivative of base-emitter junction voltage
with respect to temperature can be written as

dv NkT ]

ar=ar| ¢ (7)) ”
By substituting Egs. (5)-(7), the derivative yields

dVon(T) Veu(T) 2k 1 _, &
a7 ——Eﬂ-ad)b g (8)

The temperature dependence of Egsice and bandgap narrowing
are taken into account. Combining Eq. (3), the solution of Eq. (8)
is given by

Von(T) = <Eg0,Si — 0‘74xm01 —

q

T 2kT
qT+¢) ¢

= In()

9)

where B is a parameter used during measurement data fitting. The
first part relates to the doping concentration and the Ge concentra-
tion in base region. In addition, the turn-on current also has an
important effect on V,,. In order to rectify the model and to fit
the experimental result better, the V,,-T model is given by

oapT

2k
qT+e) q

Von(T) = AlJon) + BUon)T + In(T), (10)

where A(J,,) is allowed to be an extra fitting parameter, rather than
determining from w The B(J,,) is a fitting parameter
which is related to J,.

3.2. Incomplete ionization

Complete ionization of dopants in Si and SiGe is typically
assumed at room temperature. However, when the Fermi level Eg
is situated close to the dopant level, the dopant states are notice-
ably occupied, leading to incomplete ionization even at room tem-
perature [38-40]. The free carrier density is significantly smaller
than the dopant density. This semiconductor physics phenomenon
is called as the “carrier freeze-out” and shows strong dependence
on doping concentration and temperature.

To accurately model the incomplete ionization for heavily
doped devices, Mott-transition should be considered with freeze-
out model. The ionization rate (IR) is given by the Altemmatt’s
incomplete ionization model, expressed as [37]

_ Ny _ 1
R= N =Trgmm (11)
N/ 1
R =Tz 12
Na~ 1+gp/p’ (12)
and
n = Nce—Edop/kTypl — I\,ve—Edop/kT7 (13)

where Np is the total donor concentration, N, is the total acceptor
concentration, Ny is the ionized donor concentration, N, is the ion-
ized acceptor concentration, n is the electron density, p is the hole
density, Eqqp is the dopant energy, g, is the donor degeneracy factor,
and g, is the acceptor degeneracy factor [39].

Fig. S1 (online) shows the calculated temperature dependence
of IR with different doping concentrations for arsenic (As), phos-
phorus (P) and boron (B), respectively. At Ngo, = 1 x 10'® cm™,
ionization rate is incomplete and decreases with the temperature
cooled. As the doping concentration increases, the carrier freeze-
out effect decreases gradually. When the doping concentration
achieves 1 x 10 cm™3, the ionization remains complete even
when the temperature goes down.
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Fig. 3. (Color online) The extracted temperature dependence of V,, of BE junction. Symbols represent numerical simulation and lines represent analytical model. (a) Sample

1. (b) Sample 2.

3.3. V,, extraction and analysis

Fig. 3 presents the extracted V,, of BE junctions at different J,,,
which increases almost linearly as the temperature decreases from
room temperature to 160 K. Below 160 K, however, the slope of V,
increase gradually reduces to about zero, possibly due to the band-
gap energy increasing as the temperature goes further down. Due
to the heavy doping in emitter and p-SiGe base of HBTs, the impu-
rity is almost completely ionized even if the temperature cools
down to 4.8 K (Fig. S1 online). Hence, the V,,-T analytical model
proposed in Section 3.1 can be used to illustrate the turn-on char-
acteristics of the BE junction for these two measured HBT devices.
The results of the model simulation are shown in Fig. 3. Table S1
(online) shows the fitting parameters of the V,,-T analytical model.
The average slope AV,,/AT of V,,-T in full temperature range (4.8
to 300 K) is defined as (Von Ty — VonTuin )/ (Tmax — Tmin), Where the
AVon/AT is around —1 + 0.1 mV/K.

Fig. S2 (online) shows the extracted V,, of the BC junction. It is
apparent that a considerable V,, increase occurred from 180 to
4.8 K for Sample 1 and from 50 to 4.8 K for Sample 2. The complete
ionization V,,-T analytical model described above is no longer sui-
ted for this situation. This is possibly caused by the carrier freeze-
out due to the lower doping concentration of the collector region
comparing with the doping concentration at Mott-transition.

4. Devices comparison and discussion
4.1. Gummel characteristics

To characterize the features of these SiGe HBTs across the cryo-
genic temperature range, the Gummel characteristics (Vg =0 V)
were measured from 300 to 4.8 K, as shown in Fig. 4. Due to the
Ge-induced profile and the heavy doping in the base region, these
measured SiGe HBTs exhibited excellent transistor-like behavior
with sizeable current gain at cryogenic temperature. When the
temperature decreased, both Ic and Iz curves began to shift to
higher operating voltages. Below 20 K, however, the curves essen-
tially overlapped each other even if the temperature continuously
cooled down.

It is obvious that a non-ideal base current component in the for-
ward mode existed below 20 K, as shown in Fig. 4. This non-ideal
base current is related to the heavy doping nature of the base-
emitter, which is called trap-assisted tunneling (TAT) current

[41,42]. Due to the decreasing defect density in the state-of-art
device fabrication, the TAT current is typically negligible at room
temperature. However, as the temperature decreases, the regular
diffusion current reduces rapidly, while the TAT current does not
decrease as much.

To illustrate the difference between these two measured SiGe
HBTs, this work used the Ic-Vge model [43], which is expressed as

I V
I :—S{ex < BE)—l},
C s p NeV7 )

where I; is the saturation current, gz is the normalized majority
base charge for HBTs, N is the ideality factor, and Vr = KT/q. The
models of Iy and Nr as a function of temperature have been given
in ref. [43].

Fig. 5 shows the extracted results and model simulation of I
and Ng from 300 to 40 K. The N was approaching 2, indicating that
the recombination in space charge region contributes to the total
collector current besides drift-diffusion current. As the inset
shown, however, N was much greater than 2 when the tempera-
ture went down to 4.8 K. This suggests that the current is not only
composed of drift-diffusion and recombination current in space
charge region, but also composed of tunneling current [44-48].
The extracted I, from 300 to 4.8 K, is also shown in the inset.
The I of Sample 1 decreases from 2.7 x 10" to 1.08 x 107''* A
with the temperature cooled. The I; of Sample 2 is similar to that
of Sample 1 above 40 K. Below 40 K, however, the I; of Sample 2
tended to flatten with a value of approximate 1 x 1073 A. The ten-
dency of Ng extracted from these measured devices followed the
same trend.

(14)

4.2. Current gain

As shown in Fig. 6a, b, current gain (f = Ic/Ig) extracted from
the measured Gummel characteristics varies with collector current
density. The range of amplifying region becomes narrow as the
temperature goes down. In addition, the amplifying region of Sam-
ple 2, quantized by collector current density, was obviously wider
than that of Sample 1, which resulted from the scaling down of Wgp
and WE. The current gain dropped dramatically at high injection
region because of the reduction in the voltage caused by parasitic
resistances [49].

Peak current gain (Bpe,) is the maximum value of p at different
temperatures, which is extracted from the 8 — J. curves. The Bpe
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and the corresponding collector current density (J for Bpe,c) and the
base current density (J for Bpe.) are shown in Fig. 6¢, d. The Bpe
increased exponentially with the temperature cooled from 300 to
80K for Sample 1 (140K for Sample 2). Below 80 K for Sample 1
(140 K for Sample 2), however, the exponential increase in the cur-
rent gain was limited by the parasitic base leakage due to tunneling.
The current gain is affected essentially by the different functions of
Jc and Jp versus temperature. As shown in Fig. 6¢, the maximum
Break Of Sample 1 is located at point A (80K, 3,388). The J for Bpeax
increases with the temperature down to 90 K (point B) and then
decreases. The tendency of J; for fpe, is similar to J., but the max-
imum value is located at 160 K (point C). Fig. 6d presents the char-
acteristic of Sample 2, whose maximum S, is located at point D
(140K, 546). The J. and Jg for Bpe increase with the temperature
decreasing, and the fp., exactly reflects the discrepancy between
Jc and Jg. At 300 K, Bpeak are 239 and 314 for Sample 1 and Sample
2, respectively. The difference between two samples is not obvious
in this case. However, the current gain of Sample 1 is several times
larger than that of Sample 2 with the temperature decreasing,
which indicates that the contribution of the temperature effects
on these two samples are inconsistent.

Due to the introduction of Ge into the base region, there are two
detectable DC consequences by viewing the energy band diagram
(Fig. S3a-d online) [50]. Firstly, the potential barrier of electron

injection from the emitter into the base decreased. Secondly, a
graded built-in potential in the base region formed because of
the compositional gradient of the Ge profile, which decreases the
transit time when electrons transport across the base region. These
two effects resulted in a higher current and hence a higher current
gain. The measured Ge and Si composition of Sample 1 is shown in
Fig. S3e (online). And the inset of Fig. S3e (online) shows the
high-angle annular dark field scanning transmission electron
microscopy (HAADF STEM) image of Sample 1, indicating that
the line-scan follows the arrow. Sample 2 has a similar Ge profile
as Sample 1, but with higher Ge content and much thinner base
region. In addition, the current gain of SiGe HBTs also benefits from
the bandgap narrowing caused by heavily doped base region.

The carrier mobility affects many factors such as the carrier
velocity, drift time across the base region, the emitter injection
efficiency, which related to current gain. The most widely used
mobility model is the Philips unified mobility model [51-53],
which unifies the description of majority and minority carrier bulk
motilities. Taking the lattice scattering, impurities scattering,
electron-hole scattering and impurity screening into account, the
mobility can be given by
1 1 1

=—+ ,
Hen M Ubaen

(15)
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where yu, represents the lattice scattering contribution, and pip,.,
accounts for all other bulk scattering mechanisms due to free carri-
ers, ionized donors and acceptors [51,53].

The carrier mobility in Si bulk simulated by Eq. (15) is shown in
Fig. S4 (online). Further works about carrier mobility in SiGe bulks
have been reported [54-60]. The carrier mobility is affected by
impurities, doping concentration, and temperature. The mobility
decreases as the doping concentration increases and has a negative
correlation with the temperature. The difference between J- and Jg
results from the carriers’ different level of sensitivity to tempera-
ture. Meanwhile, the mobility and carrier concentration, which
both affect the operating current, are dependent on incomplete
ionization at low temperature.

Hence, the emitter injection efficiency y; is used to illustrate the
combined action on current gain, which is given as [61]

1
Ve = )
) )
where Ly and L; are the equilibrium minority carrier diffusion lengths
in the base and emitter region respectively, W5 is the base width, Dg
and Dg are the diffusion efficiency in the emitter and base, related to
the carrier mobility. Ng and Ng are the base doping and emitter dop-
ing. When the temperature cools down, the Ng and Ng are replaced
with ion concentrations which are determined by ionization rate.
Due to the difference of process fabrication parameters, the temper-
ature effects on mobility and ionization rate of these two samples are
inconsistent with each other, which are the critical reasons why the
current gain of Sample 1 is several times larger than that of Sample 2.

(16)

The operating characteristics of SiGe HBTs depend on physical
parameters, such as Ge composition and doping concentration ana-
lyzed above. Fig. S5 (online) illustrates the current gain of the
investigated SiGe HBTs with different technologies in this work
comparing to the literatures [21-23]. The fpe, Of measured devices
in Ref. [21,22] increased as the temperature cooled down. A fourth
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Fig. 7. (Color online) Transconductance (g,) in logarithmic scale as a function of
reciprocal temperatures. g, is extracted at J. = 10 pA/um? from 300 to 4.8 K.
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Fig. 8. (Color online) The early effect on these two samples. (a) The extracted early voltage versus temperature of Sample 1. Inset shows the measured Forced-Iz output
characteristics of Sample 1 from 100 to 4.8 K. (b) Forced-Is output characteristics of Sample 2 at 4.8 K with different base currents.

generation, highly scaled, 90-nm SiGe HBT can operate at cryo-
genic temperature as low as 70 mK. The tendency of p at
Ic =1 pA is reported [23] and is similar to that of Sample 2.
Finally, Ve for fpea (VBE gy, ) i shown in Fig. S6 (online), which
is significant for circuit design. We define the knee point as knee

voltage (Vggknee), Where d‘lj“}gg) o iy When Vi > Vg knee, the lin-

earity is not good enough for circuit design, especially for amplifier
design. Fig. S6 (online) shows the temperature dependence of
VBEknee- When the temperature decreased to 100 K, the fp., points
of both samples were above the knee point. This suggests that the
operating point of the circuit design should be selected below the
knee point to obtain higher linearity.

4.3. Transconductance

The transconductance (g,,) is plotted versus the reciprocal tem-
perature in Fig. 7, where collector current density J. is 10 HA/um?2.
When these devices work in ideal forward-active regions, Eq. (14)
can be used to describe the Ic — Vg curves. Hence, g,, is given by

C”c _ 15 1 VBE
exp (NFVT> s

&m dVBE ds NFVT

where N is a function of temperature. Above 50 K, N is less than 2.
The In(g,,) is linearly dependent on 1/T, which agrees with the
drift-diffusion theory. Below 50 K, however, In (g,,) tends to flatten,
indicating that the collector current no longer has a strong correla-
tion with the temperature. This phenomenon suggests the presence
of non-equilibrium transport mechanisms that can be attributed to
the carriers’ quasi-ballistic transport through the neutral base
region and higher effective electron temperature compared with
the lattice temperature [23,62].

(17)

4.4. Output characteristics

To study the performance between discrete and integrated SiGe
HBTs measured in this work, the output characteristic is another
critical considered factor. Force-Iz output characteristics were
measured from 300 to 4.8 K. Fig. 8a shows the early voltage
(VEany) of Sample 1 extracted from Force-Iy output curves at fixed
Is =1 pA. Below 77 K, Veany gradually approached —2 V with the
temperature down to 4.8 K. Above 77 K, absolute value of Vgaqy
exponentially increases. The inset figure presents the output char-
acteristics at different temperatures. However, the early voltage of

Sample 2 did not vary with temperature obviously. Fig. 8b illus-
trates the output characteristics of Sample 2 with fixed Iz = 0.1
to 0.7 pA at 4.8 K.

5. Conclusion

We investigated the performance discrepancy between the dis-
crete SiGe HBTs and the integrated SiGe HBTs over a wide temper-
ature range from 300 to 4.8 K. The V,, of BE and BC junction
increased non-linearly with the temperature cooled. A V,,-T ana-
lytical model was developed to illustrate this tendency of BE junc-
tion. However, due to incomplete ionization in the BC junction, a
knee point appeared in the extracting V,, curves. The Gummel
plots at Vg = 0 V were shifted to higher operating voltage when
the temperature decreased. In addition, the TAT current was dom-
inant at low Vg below 20 K. An I — Vg model was used to charac-
terize the Gummel characteristics, where the current gain was
obtained from the Gummel curves. Energy band diagram and Phi-
lips unified mobility model were used to analyze the temperature
dependence of current gain. The knee voltage and Vg for fpey.
which are critical factors in circuit design, showed that the
linearity gradually decreased with the temperature cooled. The
In(g,,) was linearly dependent on 1/T above 50K, but tended to
flatten from 50 K down to 4.8 K. Finally, the measured output
characteristics indicated that the early effect was more obvious
in Sample 1 than Sample 2. These results suggest an effective
way to research the performance of SiGe HBTs at cryogenic tem-
perature and to further investigate cryogenic circuit design.
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