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Bipolar transistors in silicon and silicon-germanium (SiGe) are suitable and widely used

in many radio-frequency (RF) applications, due to their high speed in combination with

low noise properties. For circuit applications such as voltage controlled oscillators

(VCOs), the low-frequency noise is extremely important, since it can be up-converted to

undesired phase noise. Today, neither the origin of the low-frequency noise in

electronic devices, nor the up-conversion process to phase noise is fully understood.

This thesis deals with extraction of RF parameters and low-frequency noise in

polysilicon emitter bipolar transistors. A new test structure for parameter extraction

from high-frequency measurements is proposed, which allows extraction of the base,

collector and emitter impedances, and the extrinsic base-collector capacitance. The low-

frequency noise in bipolar transistors with submicrometer emitter areas is shown to

strongly deviate from a 1/�-dependence due to the presence of generation-recombination

(g-r) centers. Based on the experimental observations, a new physically based model for

the low-frequency noise in bipolar transistors is proposed. Evidence for the low-

frequency noise originating from a superposition of g-r centers is presented. The traps

responsible for the low-frequency noise are homogeneously distributed at the interface

between the polysilicon and monosilicon emitter. The traps are effectively passivated by

hydrogen. Recombination centers responsible for non-ideal base current and

deteriorated AC properties are mainly located at the SiO2/monosilicon interface beneath

the spacers at the emitter periphery. Such centers can also be passivated by hydrogen.

The influence of lateral design parameters on low-frequency noise is investigated for

SiGe heterojunction bipolar transistors, where the corresponding traps are located at the

interfaces in the base or emitter region. Finally, the low-frequency noise of the device is

shown to be up-converted to phase noise in a VCO.

!�������" bipolar junction transistor (BJT), heterojunction bipolar transistor (HBT),
silicon-germanium (SiGe), polysilicon emitter, high-frequency measurement, low-
frequency noise, noise modeling, hydrogen passivation, voltage controlled oscillator
(VCO), phase noise.
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Today, many radio-frequency (RF) applications require active devices with a
unity current-gain frequency �� of several tens of GHz, in combination with
excellent low-frequency noise properties. For example, in a voltage controlled
oscillator (VCO) circuit, the low-frequency noise is up-converted to undesired
phase noise, which can limit the channel frequency spacing in communication
systems.

�� is usually used as a figure of merit for the high-frequency properties of a
transistor. In a similar manner, the corner frequency for the low-frequency noise
�% can be used as a figure of merit for the noise properties. For RF applications
like VCOs, both a high �� and a low �% is necessary. Figure 1.1 shows a plot of ��
versus �% for different technologies [1]. As observed, the silicon and silicon-
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���	��*&* High-frequency characteristics (��) vs. low frequency noise properties (�%)
for transistors in different technologies [1].
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germanium (SiGe) based bipolar transistors offer the best low-frequency noise
properties. Since SiGe heterojunction bipolar transistors (HBTs) now also can
compete with the extremely fast high electron mobility transistors (HEMTs) and
HBTs in III-V technology, they render an attractive technology choice for RF
applications.

This thesis deals with RF parameter extraction and low-frequency noise in high-
speed bipolar transistors in silicon and SiGe technology. The design of RF
circuits requires physically based equivalent circuit models. Chapter 2 describes
extraction routines for parameters included in those models. The extraction
routines are based both on high-frequency characterization and on low-frequency
noise measurements.

To minimize the low-frequency noise, knowledge about the location and origin of
the noise-sources is needed. In polysilicon emitter bipolar transistors the location
of the low-frequency noise is usually related to the thin interfacial oxide between
the polysilicon and monosilicon emitter. The origin of low-frequency noise is
however unclear today. Many attempts have been made to describe the low-
frequency noise by empirical models, but there exists no physical model that fully
explains the origin of low-frequency noise in modern transistors. In Chapter 3, a
new theory about the origin of low-frequency noise in polysilicon emitter BJTs is
presented, together with a new, physically based model.

Finally, in Chapter 4, the high-frequency performance and low-frequency noise
properties of SiGe HBTs are investigated for a circuit application, demonstrating
the up-conversion process of the low-frequency noise in bipolar transistors to
phase noise in VCOs.
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To be able to predict the circuit performance, circuit simulation programs like
SPICE relies on a good model for the devices, together with accurate model
parameters. A good model shall be able to predict the device performance with
meaningful model parameters from a physical point of view. Physically based
models are also essential for designing devices with reduced parasitics. The
improvements in process technology with downscaled device dimensions have
resulted in an evolution of new models for bipolar transistors [2]-[9].

The model parameters can be extracted either directly or indirectly. Although the
direct extraction method only permits a limited number of parameters to be
determined, the parameter values obtained usually correspond well to the true
device properties. Several direct extraction methods of the model parameters have
been proposed, based on DC measurements on the device [10]-[12] or on
carefully designed test structures [13], [14]. In order to predict the frequency
dependence of the model parameters, many extraction routines based on high-
frequency (HF) measurements have also been proposed [15]-[17]. Paper 1
presents a new test structure for direct extraction of model parameters from HF
measurements. Direct extraction procedures from HF measurements are usually
based on the subtraction of impedance (�-) and admittance (�-) parameters, which
is discussed in Section 2.1.

The indirect extraction procedure relies on numerical optimization of small-signal
model parameters in order to find the best fit to the measured scattering (�-)
parameters. An advantage with the indirect method is that all small-signal model
parameters are derived in a straightforward manner and can easily be
implemented into softwares. However, the optimization procedure in finding a
global minimum may result in erroneous or non-physical parameter values.
Although the extracted parameter values have large errors, the small-signal model
may produce a similar frequency response as the real device. This is not a good
situation, since it makes the prediction of new designs for improved device
performance very difficult. A combination of the direct and indirect methods can
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produce very accurate parameter values, where the model parameters are first
extracted directly, and serve as a starting point for the indirect optimization
procedure [18].

Section 2.2 presents extraction routines for low-frequency noise parameters.
These parameters are extremely important for radio-frequency (RF) applications,
as will be discussed in Chapter 4.

+&* ���������	�
������	��%�
��

The measured �-parameters depend both on the device and on the probing pads.
Hence, a de-embedding technique is normally used to subtract the influence from
the pads [17], [19]. In Section 2.1.1, formulas for subtracting extrinsic elements
by �- and �-parameter subtraction are derived. This de-embedding technique is
applicable to any two-port, and can also be used to extract model parameters, as
will be described in Section 2.1.2.

+&*&* ���
��'���%�����	 �������


In the two-port network shown in Figure 2.1, the extrinsic (�) and intrinsic (�)
regions are identified. Denote the extrinsic and intrinsic �-parameters by a
superscript � and �, respectively. It follows from the definition of �-parameters
that

�1�=��11
E ��1�+��12

E ��2 (2.1a)

�2�=��21
E ��1�+��22

E ��2 (2.1b)

�1’�=��11
I  �1’�+��12

I ��2’ (2.2a)

�2’�=��21
I ��1’�+��22

I  �2’ (2.2b)

�3

�1

�1 �17

�17 �27

�27 �2

�1 �2

Intrinsic
(�)

Extrinsic (�)

�2

���	��+&* Subtraction of parallel admittances.
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or

��=��E � (2.1c)

�?�=�� I �? (2.2c)

where a matrix formalism has been used. If the parallel admittances �1, �2 and �3

are known, the intrinsic �-parameters � I can be calculated from the known

(measured) extrinsic �-parameters �E. As an example, �11
�  can be calculated by

short-circuiting port 2 (�2 = �2’ = 0). From Eqs. (2.1a) and (2.2a) it follows that

�1�=��11
E ��1 when �2 = �2’ = 0 (2.3a)

�"’�=��""
I ��"’ when �2 = �2’ = 0 (2.3b)

From Figure 2.1 it is found that

�1 = �1’ + �1��1 + �3��1 when �2 = �2’ = 0 (2.3c)

Substituting �1 and �1’ by Eqs. (2.3a) and (2.3b) in Eq. (2.3c) yields

�11
E ��1  = �11

I ��1’ + �1��1 + �3��1 when �2 = �2’ = 0 (2.3d)

Since �1 = �1’ it follows that

�11
I  = �11

E  – (�1 + �3) when �2 = �2’ = 0 (2.3e)

Relationships for �12
I , �21

I  and �22
I  can also be expressed as functions of the

extrinsic �-parameters and the parallel admittances. The final result is

� I = �E - 



�1+�3      -�3   

   -�3     �2+�3
(2.4)

To accurately compensate for the pads, special test structures can be designed and
implemented on the chip. Figure 2.2 shows the equivalent circuit of an “open”
structure, which accurately can compensate for the capacitive coupling between
the pads. From Figure 2.2, it is easily found that the �-parameters �O of the
“open” structure can be written as

�O = 



�1+�3      -�3   

   -�3     �2+�3
(2.5)

�3

�1 �2

���	��+&+ Equivalent circuit of an “open” structure.
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Identifying Eqs. (2.4) and (2.5), the capacitive influence from the pads can be
subtracted

�BJT-O = �BJT - �O (2.6)

where �BJT represent the measured �-parameters of the BJT, including pads,
while �BJT-O represent the �-parameters when the capacitive coupling between the
pads are subtracted.

In a similar way, series elements can be subtracted. Figure 2.3 shows the intrinsic
(�) and extrinsic (�) regions of a two-port network. From the definition of �-
parameters it follows that

�1�=��11
E ��1�+��12

E ��2 (2.7a)

�2�=��21
E ��1�+��22

E ��2 (2.7b)

�1’�=��11
I  ��1’�+��12

I  ��2’ (2.8a)

�2’�=��21
I  ��1’�+��22

I  ��2’ (2.8b)

or

��=�E � (2.7c)

�?�=� I �? (2.8c)

where the superscripts � and � denote the extrinsic and intrinsic �-parameters,

respectively. The expression of for example �11
I  can be calculated by leaving port

2 open (�2 = �2’ = 0). From Eqs. (2.7a) and (2.8a) it follows that

�1�=��11
E ��1 when �2 = �2’ = 0 (2.9a)

�1’�=��11
I ��1’ when �2 = �2’ = 0 (2.9b)

�1 �2

�3

�1 �17

�17 �27

�27 �2

�1 �2

Intrinsic
(�)

Extrinsic (�)

���	��+&/ Subtraction of series impedances.
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From Figure 2.3 it follows that

�1 = �1��1 + �1’ + �3��1 when �2 = �2’ = 0 (2.9c)

Substituting �1 and �1’ from Eqs. (2.9a) and (2.9b) into Eq. (2.9c), it follows that

�11
E ��1  = �1��1 + �11

I ��1’ + �3��1 when �2 = �2’ = 0 (2.9d)

or, since �1 = �1’

�11
I  = �11

E  – (�1 + �3) when �2 = �2’ = 0 (2.9e)

Similarly, the relationships for �12 
I , �21

I  and �22
I  can be expressed as functions of

the extrinsic �-parameters and the series impedances. The final result is

 I = E - 



�1+�3      �3   

   �3     �2+�3
(2.10)

Equation (2.10) can be used to subtract series elements such as series resistances
and inductances between the pads and the BJT. This requires separate test
structures as described in Refs. [17] and [19]. The simplest case is illustrated in
Figure 2.4, showing the equivalent circuit of a “short” structure, which has short-
circuited input and output ports. The admittances �1, �2 and �3 must first be
subtracted from the measured �-parameters �SHORT of the “short” structure, using
the “open” structure

�SHORT-O = �SHORT - �O (2.11)

The remaining �-parameters �SHORT-O are transformed to �-parameters SHORT-O,
which from Figure 2.4 can be written as

SHORT-O = 



�1+�3      �3   

   �3     �2+�3
(2.12)

Identifying Eqs. (2.10) and (2.12), the series elements between the pads and the
device can be subtracted

BJT-O-SHORT = BJT-O - SHORT-O (2.13)

�3

�1 �2

�1 �2

�3

���	��+&3 Equivalent circuit of a “short” structure.
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where BJT-O represents the �-parameters of the BJT, where the pad capacitance
has been subtracted according to Eq. (2.6). BJT-O-SHORT represents the �-
parameters, where both the pad capacitance and pad series elements have been
subtracted.

Finally, it should be noted that for a proper design of the measurement pads, the
“open” structure, together with Eq. (2.6) is usually sufficient as pad-
compensation. Only for measurements at very high frequencies, pad-
compensation using a “short” structure, together with Eqs. (2.11) and (2.13) is
necessary. However, care must be taken when using a “short” structure, since the
series impedances that are subtracted, can be smaller than the errors induced.
Since the “short” structure requires expensive chip area and tedious HF
measurements, pad-compensation using only the “open” structure is
recommended. However, as shown in the next section, the test structure presented
in Paper 1 can take advantage of Eqs. (2.4) and (2.10) in order to extract HF
parameters.

+&*&+ ,-�������
(�	��
��

Direct extraction routines are usually used for the unity current-gain frequency ��
and maximum oscillation frequency ��89, but can also be used for extracting
equivalent circuit model parameters as described in Paper 1. �� is defined as the
frequency when the small-signal current gain $21 equals unity

( ) 121 =��$ (2.14a)

where $21 can be expressed from the measured �-parameters as

$21 = 
-2�21

(1-�11)(1+�22)+�21�12
(2.14b)

��89 is defined as the frequency when the small-signal unilateral power gain :
equals unity

:(��89) = 1 (2.15a)

where : can be calculated directly from the �-parameters







−

−
=

12

21

12

21

2

12

21 15.0

�

�
	�
�

�

�
;

�

�

: (2.15b)

where

2112

2
22

2
11

2
21122211

2

1

��

������
;

−−−+
= (2.15c)

is the stability factor.
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Figure 2.5 shows an equivalent small-signal circuit for the BJT divided into 4
levels. Level 1 symbolizes the capacitive coupling between the probing pads
(%<�+, %<%+ and %%�+). Following Eq. (2.6), those capacitance values can be de-
embedded

�2
BJT = �1

BJT - �O (2.16)

where the subscript denotes the extraction level and the superscript “O” and
“BJT” denote the open test structure and the BJT, respectively.

Figure 2.6 shows the equivalent small-signal circuit of the test structure proposed
in Paper 1. The small-signal circuits in Figures 2.5 and 2.6 are identical, except
for the intrinsic parameters in level 4. Paper 1 describes extraction routines of the
extrinsic base impedance �<9, collector impedance �% and emitter impedance ��
in level 2, as well as the extrinsic base-collector capacitance % 9 in level 3, using
the small-signal circuit in Figure 2.6.

The BJT series elements �<9, �% and �� in level 2 (in Figure 2.5) can be
subtracted using Eq. (2.10)

3
BJT = 2

BJT - 



�<9+��       ��   

     ��       �%+��
(2.17)

)

	<�

%µ9

%µ�

�π

3&�π

�π

+ /

3

E

B C
�<9 �%

��

%<%+*

%<�+
%%�+

���	��+&2 The equivalent small-signal circuit for the BJT divided into 4 levels.
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)

%µ9

�π

3&�π

�π

+ /

E

B C
�<9 �%

��

%<%+*

%<�+
%%�+

���	��+&7 The equivalent small-signal circuit for the test structure divided into 3
levels.

Then, the BJT parallel element %µ9 in level 4 (in Figure 2.5) is subtracted using
Eq. (2.4)

�4
BJT = �3

BJT - jω%µ( 



 1 -1

-1  1 (2.18)

The �-parameters in level 4 can be written as

π

π

�3

�
	�

&
<� +
+=

111 (2.19a)

π

π

�3

�
�

&+
=

112 (2.19b)











−

+
=

�

&

& %=

3

�3

�
�

µπ

π

ω
1

121 (2.19c)











−

+
+=

�

&

&� %=

3

�3

�

%=
�

µπ

π

µ ωω
1

1

1
22 (2.19d)
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Finally, the intrinsic base resistance 	<� and intrinsic base-collector capacitance
% � can be extracted

( )1211 ��	�
�	<� −= (2.20a)

( )2122

1

���&
3
% � −×

−=
ωµ (2.20b)

This method was applied on a standard self-aligned polysilicon emitter BJT with
emitter area 8� = 5×1 �2 and �� around 10 GHz [Paper 17]. Figure 2.7 shows the
extracted values of 	<������ ����	�% � (150 fF).

The results presented in Paper 1 and Figure 2.7 demonstrate the strength in
combining HF measurements with test structures. Under the given bias
conditions, all parameters in the equivalent small-signal circuit in Figure 2.5 are
extracted. Applying this extraction technique at different bias conditions will
result in a more complete set of model parameters for the BJT.

Observe that this type of test structures can only be used in a bipolar transistor
process using an implanted base. For transistor processes utilizing an epitaxially
grown base in silicon or SiGe technology, the test structure is not applicable in a
straightforward manner. Solutions similar to what was demonstrated in Ref. [16]
may be used instead.
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���	��+&6 (a) Intrinsic base resistance 	<� and (b) intrinsic base-collector capacitance
% � vs. frequency, measured at �% = 0.2 mA.
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Extraction of noise model parameters for bipolar transistors requires a good
model, which should be physically based and able to predict the total output
noise. Figure 2.8 shows a simple small-signal model for the bipolar transistor in a
common-emitter configuration, together with noise sources. By taking into
account the influence from the biasing resistors outside the dashed square in
Figure 2.8, the expression for the output noise �>%� between the collector (#) and

emitter (,) can be written as [20], [21]

( ) ( )
( )[ ] +

++++
×++++×++

=
2

22222

 1 �<<

��<<%��<<%
> 		�	

�		�	��	�	�
� %<

%� β
β

π

π

[ ]
( )[ ] %

�<<
�>

�<<

	>	>�>% �
		�	

����
,2

,,,
22

 1
+

++++
++

+
β

β

π
(2.21)

where  = d�%/d�< is the dynamic current gain, 	  = (d�%/d><�)
-1 is the dynamic

input resistance, and ��< and ��% are the power spectral densities of the fluctuations
in �< and �%, respectively. �>?�<, �>?	<, �>?	� and �>?�% represent the power spectral
densities of the voltage fluctuations over the external base resistance �<, the base
resistance 	<, emitter resistance 	� and external collector resistance �%,
respectively. Some approximations are usually made

( ) �<< 			� 1+++>> βπ (2.22a)

%< �� �� >>2β (2.22b)

As a result, Eq. (2.21) can be considerably simplified

<%� �%> ��� ××≈ 22β (2.23)

	π ��<* ��%*3& I

	�

�>?	�*

	�

�>?	<

*
	*

>1 >2

#�

, ,

�%

�>?�% *

�<

�>?�<*

���	��+&@ Equivalent small-signal circuit for the BJT including noise sources.
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In the circuit simulation program SPICE [22], ��< is described by two model
parameters 8� and ;�

�

�;
�

�

<

8
<�

� = (2.24a)

where ;� is an empirical parameter, representing the magnitude of the 1/� noise.
;� is usually found to be inversely proportional to 8� [20], [23]-[27], [Paper 6],
indicating that the noise sources are homogeneously distributed over 8�. For
polysilicon emitter BJTs, it has been shown that ;� varies with processing
conditions for the polysilicon deposition, since ;� strongly depends on the
interfacial quality of the polysilicon/monosilicon emitter [23], [27]. Figure 2.9
shows the parameter ;� for different technologies, illustrating a 1/8�-dependence.
In Eq. (2.24a), the model parameter 8� represents the current exponent. For the
BJT operating in its forward active mode, with �< at moderate or high values, the
1/� noise is usually proportional to �<

2 [20], [23]-[26], [Paper 6], thus 8� = 2.

Above about 10 kHz, ��< is white (frequency independent) and usually depends on
series resistances in the BJT and the base shot noise (see Section 3.1). Since many
RF circuits based on bipolar transistors are designed to operate at several GHz,
the devices must be biased in such a way that they operate close to their
maximum ��. In this region, the base current �< generates shot noise, which
usually is much higher in magnitude than the thermal noise. Thus, ��< is usually
modeled as a superposition of the low-frequency noise and the shot noise 2@�<
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���	��+&8 The SPICE model parameter ;� dependence on the emitter area 8� for
different technologies.
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<

8
<�

� @�
�

�;
�

�

<
2+= (2.24b)

From Eq. (2.24b), it is possible to calculate the noise corner frequency �%, defined
as the frequency when the low-frequency noise equals the white noise

@

�;
�

�8
<�

% 2

1−×= (2.25)

Observe that if 8� ≠ 1, �% will be bias dependent. Figure 2.10 shows a simulation
of the low-frequency noise vs. frequency for four different values on �< calculated
from Eq. (2.24b). In the simulations, ;� = 10-10 and 8� = 2. As observed, the low-
frequency noise corner frequency �% is bias dependent. One way to define the bias
point where �% should be extracted is to look at the HF properties of the transistor.
When the transistor is used in a circuit, it will probably operate close to its
maximum ��. Therefore, the low-frequency noise is most important at bias points
where the transistor has its maximum ��. Consequently, �% should be extracted at
the bias point when �� has its maximum.

100 101 102 103 104 10510-26

10-24

10-22

10-20

10-18
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�%
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�< = 100 µA
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�< = 1 µA

�%

� �
< (

A
2 /H

z)

Frequency (Hz)

���	��+&*A A typical plot of the low-frequency noise in Si-based bipolar transistors for
four different values on �<.
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In bipolar transistors, 1/�  noise (or low-frequency noise) usually refers to the
noise power spectral density ��< of the fluctuations in the base current �< from
frequency �  
� �� ��� ��	� �� ��� �� ���� ������������ ����� ��������� ������� ��< is

usually found to be proportional to � �γ with γ varying between 0.9 and 1.1 [20],
[23]-[29], [Paper 6]. For higher frequencies, the 1/� noise usually becomes so
small that it disappears in the white background noise. Investigations of 1/� noise
down to frequencies as low as 10-6 Hz revealed that this type of noise is still
proportional to 1/� [30]. However, the noise cannot be exactly proportional to 1/�
down to � = 0 Hz, since the total power would then be infinite.

Today, the origin of 1/� noise in electronic devices is not fully understood, and a
debate is still going on about the physical processes generating this type of noise
[31]. Other noise sources, like thermal, shot and generation-recombination (g-r)
noise have a clear physical interpretation. Section 3.1 presents an overview of
fundamental noise sources in semiconductors. Different approaches to model the
observed 1/� noise empirically have been made, and will be discussed in Section
3.2. Section 3.3 presents a model for the variation in the low-frequency noise.
This variation is not only a problem – it actually gives a clue of the origin of 1/�
noise in bipolar transistors. Based on those experimental observations, a
physically based model for the 1/� noise in bipolar transistors is presented in
Section 3.4. Finally, in Section 3.5, the close connection between noise sources
and semiconductor defects is verified from low-frequency noise measurements on
silicon and SiGe bipolar transistors.
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In semiconductors, four important noise sources exist: thermal, shot, generation-
recombination (g-r), and 1/� noise.

1) Thermal noise (Johnson, Nyquist or white noise) originates from the random
fluctuation of electrons in a semiconductor. If the semiconductor has a
resistance �, the noise power spectral density generated from current
fluctuations is

�A��� 4= (3.1)

where A is Boltzmann’s constant and � the temperature in K.

2) Shot noise (white noise) originates from the discrete nature of electrons.
When applying an electrical field over a semiconductor, the electron
movement will induce a current �. Looking at any cross-section (usually at
the edge of a potential barrier) the current fluctuates with a power spectral
density of

@��� 2= (3.2)

where @ is the elementary charge.

3) Generation-recombination noise (g-r, burst, popcorn or red noise) originates
from traps, which randomly capture and emit electrons. This process can
modulate the diffusion properties for minority carriers or conduction
properties for majority carriers in the semiconductor. The power spectral
density for g-r fluctuations is given by

( )221 τπ
τ
�

8
�� +

= (3.3)

where 8 represents the magnitude of the g-r noise, and τ represents the time
constant for the trapping-detrapping process. The shape of the spectrum given
by Eq. (3.3) is called a Lorentzian. If only one trap level dominates, this type
of fluctuation can be observed as random telegraph signal (RTS).

4) 1/� noise (low-frequency, flicker, excess, semiconductor, contact, current or
pink noise) is usually assumed to originate from conductivity fluctuations.
This chapter will present evidence for the 1/� noise to have the same origin as
the g-r noise. For bipolar transistors, the power spectral density for the
fluctuations in the base current �< can be written as

�

�;
�

�

<

8
<�

� = (3.4)

where ;� and 8� represent the amplitude and current exponent of the 1/�
noise, respectively.
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For bulk semiconductors, 1/� noise is usually assumed to be a fluctuation in the
conductivity σ. Since the conductivity in a semiconductor can be written as

σ = @( �� + ++), (3.5)

it is clear that a fluctuation in σ can originate either from a fluctuation in the
concentration of free carriers (electrons �, or holes +), or from a fluctuation in the
carrier mobility (electron mobility �, or hole mobility µ+). Many attempts have
been made to explain the 1/� noise as a fluctuation in number of carriers, or in
mobility.

In 1957, an interesting model for 1/� noise as a fluctuation in the number of free
carriers was proposed by McWhorter [32]. This model was based on
spontaneously trapping and detrapping of carriers at interface states, or in the
oxide adjacent to the interface. According to this model, each interfacial trap
generates g-r noise with a Lorentzian shaped spectral density given by Eq. (3.3).
Figure 3.1 shows such Lorentzian spectra (dashed lines). As observed, the
spectrum for each trap cannot be expressed as � �γ, since γ then has to be a function
of frequency, with γ(�) varying between 0 at low frequencies and 2 at high
frequencies. However, for a homogeneously distributed trap density within the
oxide and an exponentially decaying probability for the carriers to penetrate the
oxide barrier and reach the traps, the resulting superpositioned spectrum will be
approximately of 1/� type, as shown in Figure 3.1.
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���	��/&* The 1/� noise as a superposition of Lorentzians.
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As observed from Eq. (3.5), the other possibility suggests that the 1/� noise
originates from a fluctuation in the mobility . In 1969, Hooge presented a model
for the 1/� noise as a fluctuation in  [33], [34]. In this model, the low-frequency
noise was assumed to originate from the semiconductor bulk, instead of the
interface. For a semiconductor with resistance � containing � free carriers, the 1/�
noise was modeled as

���

�� α=
2 (3.6)

where �� is the power spectral density of the fluctuation in �. The parameter α,
also called the “Hooge parameter”, was found to have approximately the same
value for a large number of samples. It was concluded that one type of 1/� noise
always exists in the bulk semiconductor, with a constant noise level α
 !"�-3.
Later on, it turned out that α depended on the crystal quality and the lattice
scattering mechanisms determining the mobility µ. In perfect crystals, α was
found to attain values 2-3 orders of magnitude lower than originally proposed. In
the mobility fluctuation theory, the 1/� noise is proposed to originate from lattice
vibration in the semiconductor. This type of noise appears even in the purest and
nearly perfect samples of epitaxial layers, where no traps are present. Today, the
theory of mobility noise is generally accepted. However, on top of the mobility
noise, there can be other types of noise sources, which dominate the total 1/�
noise.

The low-frequency noise does not always need to be proportional to 1/�. If
trapping-detrapping processes of carriers are present, the low-frequency noise can
deviate strongly from a 1/�-behavior. In bipolar transistors, such processes can
occur in traps or crystal dislocations. A single trapping-detrapping process can be
observed as random telegraph signal (RTS), illustrated in Figure 3.2(a). When a
carrier is trapped, the current changes almost immediately to a different level.
When the carrier is emitted, the current changes back almost immediately to its
initial value. The average time for this capture and emission process is referred to
as capture time  and emission time �, respectively. The power spectral density is
usually referred to as g-r noise, with a Lorentzian-shaped spectrum  [35]

( )
( ) ( ) ( )[ ]22

2

211

4

�

�
�

��

<
�< πττττ +++

∆= (3.7)

������ �< is the absolute shift in the base current. Figure 3.2(b) shows the noise
spectral density of the process in Figure 3.2(a).
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���	��/&+ Example of (a) RTS, generated by a single trapping-detrapping process,
and (b) the corresponding Lorentzian spectral density.

The Lorentzian-shaped spectrum shown in Figure 3.2(b) has a maximum power
when  = �. Under this condition, the spectral density given by Eq. (3.7) can be
written as

( ) ( )2
2

21 τπ
τ
�

�� <�< +
∆= (3.8a)

where

� τττ
111 += (3.8b)
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What about the opposite situation: Does a Lorentzian-shaped spectrum always
appear as an RTS in time domain? The answer is no, it does not. Imagine for
example a system with several independent traps, each generating one RTS.
Assume also that the time constants for the traps are equal. Figure 3.3(a) shows a
simulation of the total current vs. time, where 100 RTSs are superimposed on one
another. As observed, the RTS is not visible any more. However, since the traps
act independently, the total spectrum will be a superposition of several identical
Lorentzians, resulting in one single Lorentzian-shaped spectrum, as shown in
Figure 3.3(b).
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and (b) the corresponding Lorentzian spectrum.
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If the different sources of noise act independently of one another, the
superposition principle can be applied. As an example, Figure 3.4 illustrates the
total noise as a sum of 1/� noise, g-r noise and white noise. Adopting the
superposition principle for a BJT with several g-r centers, its low-frequency noise
can be modeled as

( )∑ +
+=

� �

��
8
<�

�
�

<

�

�;
�

�

< 221 τπ
τ

(3.9)

where <� and τ� represent the amplitude and the characteristic time constant of the
�:th g-r center, respectively. In Eq. (3.9), it is assumed that <� depends both on the
absolute shift in �< according to Eq. (3.7) and on the number of superimposed
Lorentzians.
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���	��/&3 The total noise represented by a superposition of 1/�, one g-r center and
white noise.
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Today, almost all Si-based high-speed bipolar transistors utilize polysilicon
emitters. The thin interfacial SiO2 between the polysilicon and monosilicon
emitter acts as a potential barrier for minority carriers, resulting in an enhanced
current gain. The technology process of polysilicon emitters also provides
shallow junction depths, which are necessary when lateral device geometries are
scaled. A review about polysilicon emitters for bipolar transistors is found in Ref.
[36].

In bipolar transistors, the low-frequency noise level is found to be inversely
proportional to the emitter area 8�. This suggests that the noise sources must be
homogeneously distributed over 8�. It is not clear whether each of these noise
sources generates 1/� noise, g-r noise or something else – only that they produce
1/� noise on average. The exact location for those noise sources is generally
accepted to be at the thin interfacial SiO2 between the polysilicon and
monosilicon emitter [20], [27], [37], [38].

Under the assumption that each noise source acts independently from one another,
the resulting total low-frequency noise will be a superposition of all noise
sources. The total noise in the device is thus considered as an average
characteristic that originates from a population of several independent elements.
According to statistics, it is well known that the average characteristic in a large
population, composed of many independent elements, stays relatively constant,
and is relatively insensitive to the variation in each individual element. In a small
population, on the other hand, each element contributes greatly to the overall
characteristic of the population. Thus, for polysilicon emitter BJTs with very
small 8�, a large variation in the low-frequency noise can be expected. This effect
is analyzed in Paper 2.

Figure 3.5 shows ��< normalized to �< for three different 8�. According to what is
previously known, the low-frequency noise for the three different 8� should be
equivalent, except for the noise level, which scales as ~1/8�. Observe, however,
the dramatic variation in the noise for the smallest 8� (Figure 3.5(a)). The average
noise 〈��<〉 , indicated with dashed lines, is calculated from � = 8 BJTs with
identical 8� at each frequency point

( ) ( )∑
=

=
�

=
=�� ��

�
��

<<
1

,
1

(3.10)

where ��<?= represents the =:th spectrum. As observed in Figure 3.5, the deviation
from the average noise level is largest for the smallest 8�. This effect is clearly
observed by the error bars (dotted lines), calculated from the standard deviation
for each frequency point. In contrast to the spectra for individual BJTs, the
normalized average spectrum 〈��<〉/�<

2 shows an almost ideal 1/�-dependence for
all values of 8�, and is found to be proportional to 1/8�.
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2 for three different 8�. The squares represent measured values, the

solid lines are modeled values according to Eq. (3.9), the dashed lines are
the average spectra and the dotted lines are the error bars.

This observation is important, since it can be used to improve the understanding
of the origin of low-frequency noise in polysilicon emitter BJTs. However, for
practical applications, this also means that the low-frequency noise is very
unpredictable for devices with small 8�. This uncertainty is, like the noise itself,
of fundamental type and can not be eliminated. Therefore, an extended model of
Eq. (2.24a) for the low-frequency noise in bipolar transistors is proposed in Paper
2, which takes this uncertainty into account

( )±+×= �
�
�;

�
�

<

8
<�

� 1 (3.11)

where the parameter �± is proposed to be a new SPICE model parameter,
representing the upper (�+) and lower (�-) error bar, as shown in Figure 3.5. Thus,
to estimate the upper level of the device low-frequency noise for BJTs with very
small 8�, Eq. (3.11) should be used instead of Eq. (2.24a).

It is well known that the low-frequency noise in polysilicon emitter BJTs scales
as ��<~1/8�. Since �+ was found to scale as �+~1/#8� in Paper 2, the absolute
variation �+×;� will have an 8�-dependence proportional to 8�

-1.5. As device
dimensions are continuously scaled down, and since the 8�-dependence actually
is even stronger than previously expected, the low-frequency noise will be
extremely important for future downscaled devices. It is possible that the low-
frequency noise will set the lower limit of the smallest useful bipolar transistor
that will be fabricated [39].
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This section gives an introduction to, and discusses the main results given in
Papers 3 and 4.

In submicron-sized metal oxide semiconductor field effect transistors
(MOSFETs), the trapping-detrapping process of single interfacial traps was
observed as RTS [35], [40], and the superposition of the corresponding
Lorentzians was shown to produce 1/� noise. In a similar way, RTS was observed
in unstressed polysilicon emitter BJTs with submicron emitter area [28]. The low-
frequency noise spectra in different BJTs with the same 8� indicated the presence
of several g-r centers with different time constants. By averaging the noise spectra
from several BJTs, a new spectrum proportional to 1/� was observed.

When device geometries are scaled down, the variation in the low-frequency
noise will increase, as shown in Paper 2. The noise level parameter ;�×8�
calculated for BJTs with submicron 8� from the average spectrum (Eq. (3.9)) is
found to be in the same range as for BJTs with larger 8�. Thus, the low-frequency
noise in polysilicon BJTs with small, as well as large emitter areas, is likely to
have the same origin. As observed in Figure 3.5, it also appears that the low-
frequency noise strongly deviates from a 1/�-behavior in downscaled devices.

The observations of the low-frequency noise in polysilicon emitter BJTs are
summarized as follows

�
�

<�
1

~ (3.12a)

2~ <� ��
<

(3.12b)

�
� 8
�

<

1
~ (3.12c)

�8
�

1
~+ (3.12d)

Equations (3.12a) – (3.12c) describe dependencies of the average noise level 〈��<〉
on �, �< and 8�, while Eq. (3.12d) predicts the low-frequency noise deviation from
〈��<〉  as device geometries are scaled. For BJTs with large 8�, it is clear that ��<
instead of 〈��<〉  in Eqs. (3.12a) – (3.12c) will be a good approximation. Since the
measured spectra in Figure 3.5 can be fitted by Eq. (3.9), the low-frequency noise
is most likely influenced by g-r centers. It is not unlikely to assume, as in the
model proposed by McWhorter [34], that the low-frequency noise originates only
from a superposition of g-r centers. If the g-r centers originates from trapping-
detrapping processes, there will be an exponential relationship between the trap
time constant  and the trap energy level �� [23], [35]
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where σ� is the capture cross-section, &� is the effective mass of the electron, A
and $ are Boltzmann’s and Planck’s constants, respectively, and �% is the
conduction band energy level. In Eq. (3.13) it is assumed that the electrons are
responsible for the trapping-detrapping process, which would be the case when
taking place in the n-doped emitter in npn bipolar transistors.

The observations in Figure 3.5 can be illustrated by an example. Let the left
square in Figure 3.6 represent the emitter area, where several g-r centers are
present. Each g-r center has a characteristic trap energy level, which is totally
random within the silicon bandgap. Thus, the distribution of the trap energy levels
will be quite uniform, as illustrated. According to Eq. (3.13), a uniform
distribution in �� will result in an exponential distribution in , resulting in a
uniform distribution of  on a logarithmic scale. The g-r noise can be calculated
for each trap according to Eq. (3.8a), illustrated by the dashed lines in Figure 3.6.
If the traps are independent, the resulting spectrum will be a superposition of all
traps, and a spectrum ~1/� will appear, as indicated by the solid line. Observe that
�� is independent on the geometrical location of each trap. Figure 3.7 illustrates a
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Right: The total spectrum (solid line) is a superposition of several g-r
centers (dashed lines).
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Right: The total spectrum (solid line) is a superposition of several g-r
centers (dashed lines).

similar situation as in Figure 3.6, but for a smaller emitter area, keeping the areal
trap density constant. As observed, even though the distribution of trap energy
levels is uniform, the low number of g-r centers results in a modulation of the 1/�-
behavior, just as observed in Figure 3.5.

It appears that a model based on superposition of g-r centers can be used to
describe the low-frequency noise in polysilicon emitter BJTs. Based on Eq. (3.9),
such a model can be

( )∑
= +

=
�

<

�

� �

�<
�

�

�
%�

1
2

2

21 τπ
τ

(3.14)

where �� is the total number of traps, % is an empirical constant and �< = �</8� is
the current density. Observe that Eq. (3.14) is very similar to Eq. (3.9), except that
the first term, proportional to 1/�, is omitted. In order to produce a 1/� spectrum
from Eq. (3.14), the time constants τ� for the traps have to be distributed as 1/τ
over a wide span between τ1 and τ2 [32], [34], [35], [40]-[42] and �� must be
large. The required distribution of time constants is achieved if the trap energy
levels �� are uniformly distributed. A uniform distribution of �� is usually present
at silicon interfaces [42] for large values of ��, and is likely to be present at the
thin SiO2 interface between the polysilicon and monosilicon emitter. To
demonstrate that Eq. (3.14) satisfies the observations given by Eq. (3.12a) –
(3.12d), it is multiplied on both sides by d /  and integrated from 1 to 2



3. Origin of 1/� Noise in Polysilicon Emitter Bipolar Transistors

27

( ) �

�
�

� �

�<
�

�

�

�
%

�
�

�

< τ
τ

τπ
τ

τ
τ τ

τ

τ

τ

×
+

=× ∫∑∫
=

2

1

2

1
1

2

2

21
(3.15a)

Exchanging the order of the summation and integration, Eq. (3.15a) can be
written as
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where 〈��<〉  has been used instead of ��<, since the distribution used requires a
large (actually infinite) number of g-r centers, which results in an average noise
level after integration. The right side of Eq. (3.15b) will be a pure 1/�-spectrum
for frequencies that satisfy

( ) ( ) 1
1

1
2 22 −− <<<< πτπτ � (3.15c)

For that case, Eq. (3.15b) can be written as

( ) �

�
%�� �

<�<

1

ln4 12

2 ×≈
ττ (3.15d)

As observed, Eq. (3.14) can be written as Eq. (3.15d), thus satisfying the first
condition, given by Eq. (3.12a). Equation (3.12b) is naturally adopted, since
��<~�<

2 in Eq. (3.15d). Since ��~8�, the product �<
2×�� will be ~1/8�, in

accordance with condition (3.12c).

To show that Eq. (3.14) also satisfies the last condition, given by Eq. (3.12d),
statistical calculations can be used. Figure 3.8 shows 10 re-simulated spectra
(solid lines) using Eq. (3.14), together with the average spectrum (dashed lines),
plotted for three different 8�. As observed, the variation in the noise level relative
to the average noise increases as 8� decreases. Observe also the remarkable
similarity between the simulations in Figure 3.8 and the measurements in Figure
3.5. Figure 3.9 shows the variation �+ for different values of 8�, both from
measurement (stars) and from simulation (squares), according to Eq. (3.14). As
observed, the noise level variation �+ depends as �+~8�

-0.5 for 8�$�� � �2, in
perfect agreement with the final condition given by Eq. (3.12d).
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The superposition principle can only be applied if the traps act independently of
one another. Thus, the superposition of Lorentzians in Eq. (3.14) will result in the
1/� spectrum given by Eq. (3.15d), only if the traps are isolated from one another
as shown in Figure 3.10(a). If the carriers interact between the different trap
levels, as shown in Figure 3.10(b), the resulting spectrum will instead be of
Lorentzian type [34].

One can ask oneself whether Eq. (3.14) can describe the observed low-frequency
noise over many frequency decades – is the span of available time constants
sufficient? Equation (3.14) assumes that the low-frequency noise originates from
isolated traps, homogeneously distributed over the emitter area, with a uniform
probability density of time constants. The time constants depend on the trap
energy level in the band gap, given by Eq. (3.13). Assume, as an extreme case,
that the span of energy levels equals the entire band gap �3. According to Eq.
(3.13), the ratio of available time constants will be exp(�3/A�) = 4×1018 for
silicon, which indicates that Eq. (3.14) can produce low-frequency noise over 18
frequency decades for the best case.

As mentioned in the beginning of this chapter, the noise cannot be exactly
proportional to 1/� down to � = 0 Hz, since the total power would then be infinite.
Equation (3.14) predicts this necessary roll-off from the 1/�-behavior in a natural
way.

τ1
τ2 τ3

τ4
τ5

(a)

τ1
τ2 τ3

τ4
τ5

(b)

�   1/� spectrum

�   Lorentzian spectrum

�%

�%

���	��/&*A (a) The superposition of independent traps result in a 1/� spectrum. (b) If
the traps interact with each other, the resulting spectrum will be of
Lorentzian type.
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This section presents an overview of different kinds of process-induced defects
described in Papers 5-7, affecting the electrical device performance, and
especially the low-frequency noise.

Figure 3.11 shows a cross-sectional transmission electron microscopy (XTEM)
picture of the self-aligned double-polysilicon BJTs developed at KTH [Paper 17].
In this process, the BJTs typically had a current gain  of 200 and a unity current-
gain frequency �� of 10 GHz. Device isolation was accomplished by local
oxidation of silicon (LOCOS). The emitter window was opened by reactive ion
etch, followed by intrinsic base implantation. To reduce the effective emitter area,
self-aligned L-shaped Si3N4/SiO2 spacers were formed in the emitter window.
Emitter deposition was accomplished by ��� ���� phosphorus doped polysilicon
[Paper 20], followed by emitter drive-in using rapid thermal anneal (RTA) at
1000 %&�����"����

The reactive ion etch step for opening the emitter window is likely to induce
defects in the underlying substrate. All kinds of defects in a BJT constitute
potential recombination centers, which have been suggested to be directly
responsible for high non-ideal base currents in BJTs [43]. Hydrogen passivation
at the end of the BJT process line is the traditional method for passivating such
defects [44]. The most common procedure is to expose the wafers to an H2/N2 gas
mixture around 400 °C, the so-called forming gas annealing (FGA) [45]. Reduced
base current and increased minority-carrier diffusion length in the emitter

(��) SiO2/monosilicon
interface

(�) polysilicon/monosilicon
interface

0.5 µm

���	��/&** Schematic XTEM picture of the polysilicon emitter BJT developed at
KTH. The defects were located at (�) the interface between the monosilicon
and polysilicon emitter and (��) at the interface between the monosilicon
and SiO2 spacers.
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polysilicon have been reported as a result of FGA [46], [47]. In Papers 5 and 6,
the effects on the electrical characteristics of the BJTs after FGA (400 °C in a
10% H2 / 90% N2 atmosphere) were investigated. As demonstrated in those
papers, FGA is an excellent way to reduce the number of recombination centers,
located both at the periphery and over the emitter area.

In Papers 5 and 6, two defect-rich regions were identified: (�) the thin SiO2

interfacial layer between the polysilicon and monosilicon emitter, and (��) the
interface between the SiO2 spacers and the monosilicon beneath. The improved
DC properties, as reported in Paper 5, were related to hydrogen passivation of
defects, located both in region (�) and (��). The improved AC characteristics was
interpreted as reduced base-emitter capacitance due to hydrogen passivation of
defects located in region (��). Sometimes, g-r noise has been reported to increase
in stressed devices, with the trapping-detrapping process taking place at the
Si/SiO2 interface at the emitter periphery [48]-[51], corresponding to defects
located in region (��). For unstressed devices, as in Paper 6, the improved low-
frequency noise after FGA was related to passivation of defects in region (�).

Figure 3.12 shows an XTEM picture of the 62-GHz �� SiGe HBT, also developed
at KTH [Paper 12]. After performing the epitaxy of buried collector and LOCOS
isolation, the SiGe epitaxial base was grown by chemical vapour deposition
(CVD). The Ge content was uniform and equal to 12%. An ��� ���� phosphorus
doped polysilicon emitter was deposited [Paper 20], followed by RTA at 900 %&
for 10 s.

(��) polysilicon/epitaxial
interface

(���) base-link
region

(��) base-emitter
depletion region

(�) polysilicon/monosilicon
emitter interface

0.5 µm

���	��/&*+ Schematic XTEM picture of the SiGe HBT developed at KTH. Four
different regions can be identified for the defects.
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The location of noise sources and influence on lateral design parameters for this
SiGe HBT process were investigated in Paper 7. The noise sources were located
to four different regions: (�) at the thin SiO2 interfacial layer between the
polysilicon and monosilicon emitter, (��) in the base-emitter depletion region, (���)
in the epitaxial Si/SiGe base link region, and (��) at the interface between the
polycrystalline and epitaxial Si/SiGe base. As shown in Paper 7, boron was found
to passivate interfacial traps in region (��).

As illustrated in Figures 3.11 and 3.12, there are obviously more possible
locations for noise sources in SiGe HBTs than in silicon BJTs. As shown in Paper
7, lateral base design parameters have a strong impact both on DC characteristics
and low-frequency noise properties in SiGe HBTs. The SiGe base may also
contain lots of defects due to a poor epitaxial quality. For a carefully deposited
epitaxial base, together with optimized lateral design, the dominating noise
sources in SiGe HBTs will be located to the thin SiO2 interfacial layer between
the polysilicon and monosilicon emitter in region (�), just as for polysilicon
emitter BJTs. The noise level for the optimized SiGe HBTs in Paper 7 was
comparable to the noise levels for the BJTs in Papers 2 and 6, indicating that the
low-frequency noise in SiGe HBTs does not necessarily have to be higher than for
silicon BJTs.
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Voltage controlled oscillators (VCOs) are critical building blocks in many
wireless telecommunication applications. One of the most important obstacles in
the VCO is the phase noise, which is strongly dependent on the quality (B) factor
of the resonator [52], but also on the low-frequency noise of the device [53]-[55].
The exact mechanisms for the up-conversion of low-frequency noise in devices to
phase noise in oscillators are not completely understood today.

As the device geometry is scaled down, its low-frequency noise will increase, and
the phase noise in VCOs based on bipolar transistors becomes increasingly
important. Si-based bipolar transistors with a polysilicon emitter are suitable and
widely used in VCOs, due to their high �� and excellent low-frequency noise
properties. Lately, heterojunction bipolar transistors (HBTs) in SiGe technology
have shown excellent potential for these applications [56], due to their even
higher speed in combination with low noise properties.

Section 4.1 presents fundamental conditions for an oscillator. Section 4.2 presents
a general theory about phase noise in oscillators, based on Ref. [53]. Section 4.3
demonstrates the up-conversion process of the low-frequency noise in SiGe HBTs
to phase noise in VCOs, fabricated in TEMIC Semiconductor SiGe HBT
technology [57].
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Figure 4.1(a) shows a simplified circuit for an oscillator. The LC-tank is
composed of an ideal capacitance %, an ideal inductance � and an equivalent
resistance �+ parallel to the inductor. �+ models the losses due to the series
resistances in the inductance. The LC-tank input impedance ��% is
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with a resonance frequency �0 = 1/2π#�%. To compensate for the resistive losses
in the tank, a negative resistance can be arranged by an amplifier with the
transconductance 3& and feedback impedances �1 and �2 as shown in Figure
4.1(a). The VCO impedance will be
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where �1 and �2 are assumed to be pure capacitive, with capacitances %1 and %2,
respectively. The imaginary part of �>%C will modify 0 slightly, but will not be
considered hereafter. In Figure 4.1(b), a bond wire inductance �� and a bond pad
capacitance %+ are added to the circuit. The fundamental oscillation mode is now
given by (j �)���j (%+%+))

-1. These two parasitics also induce a spurious
oscillation mode with a higher oscillation frequency, given by
(j %+)

-1���j ��+(j %+1/j �)-1). The implementation of a series resistance �1 will
attenuate this spurious mode.
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The phase noise in oscillators originates from (�) the resistances in the circuit and
(��) up-conversion of white and low-frequency noise from the devices. This
section discusses the up-conversion process presented in Ref. [53].
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Assume, for the simplest case, that the oscillator output voltage >(�) is a sine
wave

( ) ( )�8�> 0sin ω= (4.3a)

( )�>
��

>� 2
02

2

ω−= (4.3b)

where 8 is the voltage amplitude and 0� '�  �0. For dynamic analyses, it is
convenient to apply numerical methods

( ) �>�> ≡ (4.4a)

2121 −+ −≡ �� >>�> (4.4b)

��� ∆≡ (4.4c)

where � and � represent the iteration index and time step, respectively. Using
Eqs. (4.4a) – (4.4c), Eq. (4.3b) can be rewritten as

( )[ ] 1
2

01 2 −+ −∆−= ��� >�>> ω (4.5a)

with the initial conditions

00 => (4.5b)

�8> ∆= 01 ω (4.5c)

Figure 4.2 shows the oscillation, calculated from Eqs. (4.5a)-(4.5c) using 8�= 1 V,
� = 1 GHz and � = 1 ps. Assume now, that this oscillation is affected by some
kind of noise. For the simplest case, this noise can be a voltage-step disturbance.
Figure 4.2(a) shows such a disturbance, with an amplitude � = 0.4 V, applied
when the function >(�) has its maximum ( 0��'� ( ���)���*���+�	�� ���� ���,����
oscillation (solid line) will get an increased amplitude as compared to the initial
oscillation (dashed line). However, this amplitude shift is not a severe problem,
since most practical oscillators possess an amplitude-limiting mechanism of some
kind, resulting in an automatically attenuation of any shift in the amplitude.
Observe that no amplitude limiting mechanisms are present in this example, since
Eq. (4.5a) is based on Eq. (4.3b), which does not bear any information about the
amplitude. Observe also that the phase is unchanged for this case.
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results in a phase shift .

In Figure 4.2(b), an equivalent disturbance is applied when 0��'� �� ���,����� ��
an unchanged amplitude, but a shift in the phase by . This phase shift is, on the
other hand, a severe problem, since it will result in undesired phase noise.
Apparently, the magnitude of  is not only dependent on the amplitude of the
disturbance, but also on when in the oscillation cycle the disturbance occurs.
Intuitively, one can imagine from this example that the shape of the oscillation
cycle also affects the phase noise. The phase noise dependence on the shape of the
waveform will be discussed in Sections 4.2.2 – 4.2.4.

3&+&+ 4�.�
����
�.���)%�	�����
����5����	
����


Section 4.2.1 discussed a disturbance in an oscillation cycle with a pure sinus
waveform. For a more general oscillation, including the phase shift , >(�) reads

)()( 0 ϕω ∆+×= �38�> (4.6)

where 3 is a dimensionless, periodic function with period 2π. The phase shift 
in Eq. (4.6) is induced from a normalized voltage disturbance �

8

�
3

∆=∆ (4.7)
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The oscillating system can be described as a trajectory between two state
variables 3 and 3’ as shown in Figure 4.3. The state vector �(�) and velocity vector
�’(t) can be defined as

( )’)( 33� =� (4.8a)

( )’’’)(’ 33� =� (4.8b)

The theory proposed in Ref. [53] assumes that 3 only affects 3, and not the
derivatives of 3. As shown in Figure 4.3, 3 will induce a shift parallel to 3. The
distance parallel to the trajectory ( will be the projection of 3 on �’(t)

( )
)(’

)(’
0

�

�
3(

�
�

•∆= (4.9)

The time shift � and corresponding phase shift  will be

)(’ �

(
�

�
=∆ (4.10a)

�
�

∆=∆ πϕ 2
(4.10b)

According to Eqs. (4.6) – (4.10), the final expression for the phase shift  due to
the disturbance � will be

( ) ( )22 ’’’

’

33

3

8

�

+
×∆=∆ϕ (4.11)

-����.������""�������/��,���0������+����-������� � 0�) can be defined as

( ) ( )220
’’’

’
)(

33

3
�

+
≡Γ ω (4.12)

� 0�) describes how sensitive the phase is to a voltage disturbance. As an
example, if >(��������������������+���*��.������1���� � 0�) will be cos( 0�).

(

3

3’
3

�

���	��3&/ A closed trajectory between the state variables 3 and 3'.
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Assume that the disturbance � originates from a current �(�) during the time d�,
so that

max

d)(

@

���

8

� =∆
(4.13)

where @max is the maximum charge displacement over the capacitance in the
LC-tank. Applying the superposition principle, the total phase shift (�) due to the
disturbance �(�) will be

∫
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×Γ=
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�
�
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d )(
)()(

τττωϕ (4.14)

0����� � 0�) is a periodic function, it can be expanded in a Fourier series
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� θωω (4.15)

where � are the real-value Fourier coefficients and � the phase of the �:th
harmonic. � is not important for random input noise and can be neglected. For a
disturbance �(�) occurring at low-frequencies ∆  << 0, such as low-frequency
noise

) cos()( 0 ���� ω∆= (4.16)

the phase shift 0(�) in Eq. (4.14) will be
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The integral in Eq. (4.17) will converge to zero for all values on ∆ , except for
the first product, containing 0. Hence, the only significant term in 0(�) will be

ω
τωττωϕ
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(4.18)

Similarly, a disturbance occurring at a frequency & close to a multiple of 0

)cos()( ���� && ω= (4.19a)

ωωω ∆+×= 0&& & = 1, 2, 3, … (4.19b)

will generate a phase shift

ω
ωϕ

∆
∆≈

max2

 ) sin(
)(

@

��
� &&

& (4.20)

where �& is the current amplitude of the disturbance with frequency &.
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Substituting &(�) from Eq. (4.20) into Eq. (4.6) results in a phase modulation for
the output voltage. For small disturbances, the resulting single sideband power
per Hertz induced from the &:th harmonic  �<?&( ) relative to the total carrier
power  % will be
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Assume that the peak amplitude �&
2 in Eq. (4.21) originates from the device noise,

so that

<�
& �
� ×= 2
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2
β (4.22)

where β is the dynamic current gain and ��< is given by
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The low-frequency noise (first term) in Eq. (2.24b) will only affect the DC part
(Eq. (4.18)), while the shot noise (second term) will affect the phase at multiples
of 0 (Eq. (4.20)). The phase noise �( ) is defined as the ratio between the
single sideband power per Hertz  �<( ) and the total carrier power  %
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The resulting phase noise from the disturbance in Eq. (2.24b) will according to
the superposition principle be
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where ∆ω has been replaced with 2π∆�. If 1 is the dominating coefficient, an
approximate expression for the corner frequency �"'∆� ), where �( �) changes from
~1/∆�3 to ~1/∆�2, will be
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where �% is the low-frequency noise corner frequency, defined by Eq. (2.25).

Finally, one may ask what a voltage step disturbance, as shown in Figure 4.2, and
the low-frequency noise of the device has in common. How can the low-
frequency noise, which only is important at frequencies below a few kHz, be
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important for an oscillator, working at 1 GHz? Intuitively, it appears that the low-
frequency noise is totally negligible for the phase noise in an oscillator. This
statement, however, is not correct. Remember from Chapter 3 that the low-
frequency noise actually originates from the superposition of Lorentzians, where
each Lorentzian originates from the trapping-detrapping process of carriers. Every
time a carrier is trapped or detrapped, an almost immediate change in the potential
will appear, resulting in a voltage step, just as Figure 4.2 shows. The rise and fall
times for this trapping-detrapping process can be much faster than the oscillation
frequency. The term “low-frequency” noise refers to the time constants for the
traps, which is a slow process compared to the oscillation frequency. The time
constants only describe how often the transition in the trapping-detrapping
process occurs, which will affect the level of the low-frequency noise in the
device. The transition process itself is fast and can affect the phase noise in a
VCO.

3&/ 0���������4����


Figure 4.4 depicts the schematic of the VCO with automatic amplitude control
(AAC), investigated in Paper 8. The circuit was realized by a differential topology
using emitter-coupled pairs and cross-coupled feedback in TEMIC
Semiconductor SiGe HBT technology [57].

The HBTs Q1 and Q2 form the VCO core, which provide the necessary negative
resistance. For the half-cycle when Q1 is off and Q2 is on, the voltage at the
collector of Q1 is high and at Q2 is low. A voltage change ∆�1 at the collector of
Q1 will induce a voltage change at the base of Q2 through the feedback capacitors
C2 and C4. The transconductance of Q2, 3&2�� ��	������������� �2 through the
collector of Q2

( )422122 %%%�3� & +∆=∆ (4.26)

2���	����������,� ����,������� ����3&4� ���,���� ����� �1� '� 5 �2 and provides the
negative resistance �>%C, needed to compensate for the losses in the tank

( ) ( )224222 %3%%��� &>%C +−=∆∆= (4.27)

which is equivalent to Eq. (4.2). As the oscillator reaches steady state, the loop
gain equals 1 and the following equations hold

242 1 %%�3 +& += (4.28a)

131 1 %%�3 +& += (4.28b)

The emitter-followers Q16 and Q18 buffer the oscillation at the collector nodes of
Q1 and Q2. Q4 and Q5 rectify the oscillation signal. The voltage level after the
rectification is low-pass filtered by LPF1, and fed into the negative differential
amplifier, composed of Q7 and Q8, where the voltage level is compared with a
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voltage reference. The amplified voltage is fed back to the VCO through Q3 via
the low-pass filter LPF2. The output signal ���� is connected to a DC block
capacitance and a matching circuit on a circuit board. Figure 4.5 shows a
photograph of the circuit board, also indicating capacitances that ensure good AC
grounds at the bias nodes.

Three different VCOs were implemented on the chip. One of the VCOs (VCO1)
was fully integrated, with inductors optimized for maximum quality factor (�-
value) at 1 GHz, and with varactor capacitors, composed of the highly doped
base-emitter junction of many parallel connected HBTs. The other two VCOs
(VCO2 and VCO3) used externally bonded LC-tanks, but utilized different
emitter areas �� for the HBTs Q1 and Q2 in the VCO core. Table 4.1 shows an
overview of the differences between the VCOs. A photograph of the chip layout
is shown in Figure 4.6.


�����	�	 Design split for the three VCOs.

VCO1 VCO2 VCO3

LC-tank Integrated External External

�� for Q1 and Q2 1.2×20 µm2 1.2×20 µm2 1.2×2 µm2

��������	� Circuit board for the VCO.
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��������	� Chip layout of the VCO

As presented in Paper 8, there was no major difference in phase noise between
VCO1 and VCO2, although externally bonded LC-tanks have much higher �-
values and should consequently have lower phase noise. This can be due to two
reasons. First, the integrated LC-tank in VCO1 was carefully optimized, with a �-
value of around 10, which is not too far from the effective Q-value of an external
tank, which is influenced by bond wires and bond wire pads. Second, as discussed
in Paper 8, the currents for the VCOs were very high. As a result, the white noise
was mostly influenced from the shot noise instead of the resistive parts in the LC-
tanks. Figure 4.7 shows the phase noise for VCO1 at different �	, resulting in a
dramatic change in the corner frequency 
��∆
 .

To get an idea of the overall performance of VCOs, many aspects should be taken
into account such as oscillation frequency, phase noise, power consumption,
linearity, harmonics, start-up conditions, tuning range, and technology. In order to
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compare the phase noise in VCOs operating at different frequencies and different
power consumption, a Figure of Merit has been suggested [58], by calculating the
theoretical phase noise at an offset equal to the oscillation frequency 
0, and
normalized to a power consumption of 1 mW. For example, if the phase noise at
100 kHz offset is �100� [dB], and the power consumption is � [mW] for a VCO
with oscillation frequency 
0 [Hz], the Figure of Merit is calculated by

( ) ( )mW 1log10kHz 100log20 Meritof Figure 0100 �
� � ×+×−= (4.29)

To minimize this figure of merit (the lower value, the better), the phase noise
should be as low as possible, 
0 as high as possible, and � as low as possible.
Figure 4.8 shows some of the best values reported in the literature of this Figure
of Merit, plotted for different oscillation frequencies and different technologies.

As observed in Figure 4.8, the VCO in this work has a Figure of Merit of about
-166 dB. This value is good, but can not match the best values ever reported. The
moderate performance was more or less expected, since the aim of this work was
to investigate the up-conversion process of low-frequency noise to phase noise.
According to Eq. (4.24), this up-conversion process is clearly observed for high
base currents. The phase noise results presented in Paper 8 indicate that Eq. (4.24)
can be used as a description of this up-conversion process. For an optimum Figure
of Merit, the VCOs should be designed to operate at low power. Low power
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consumption directly affects the last term in the Figure of Merit in Eq. (4.29), but
also results in a low base current, which according to Eq. (4.24) results in lower
phase noise.
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This thesis deals with HF properties in BJTs, fundamental aspects of 1/
 noise in
BJTs and SiGe HBTs, as well as the up-conversion process of 1/
 noise in SiGe
HBTs to phase noise in VCOs.

In order to predict the circuit performance, physically based transistor models,
together with accurate model parameters are essential. In this thesis, a new test
structure is proposed, which directly enables extraction of ten small-signal model
parameters for the BJT. In combination with HF measurements on an adjacent
BJT, extraction of two more intrinsic parameters can be maintained. Applying this
technique at different DC biases, an even more complete set of model parameters
can be extracted.

This thesis also presents evidence for the 1/
 noise to have the same origin as g-r
noise. The g-r noise originates from trapping-detrapping processes, with the traps
located at the thin interfacial SiO2 between the polysilicon and monosilicon
emitter. The superposition of a large number of such noise sources will result in a
noise spectrum proportional to 1/
. For small emitter areas, such a theory predicts
a large variation in the noise level, which was experimentally verified. A model
based only on superposition of g-r centers is shown to be sufficient to describe the
observed frequency, current and area dependence of the 1/
 noise, as well as the
area dependence of the variation in the noise level.

The superposition of several independent spectra can explain the 1/
 noise in
bipolar transistors, as shown in this thesis. It is not unlikely that this principle also
can explain the 1/
 noise in other types of semiconductor devices. For such a
theory, the peculiar 1/
� dependence is explained by a statistical average of
fluctuations from many independent elements, each fluctuating between two
energy levels. One way to support such a theory would be to isolate each single
process and investigate its fluctuation. In this thesis this was done by measuring
on bipolar transistors with small emitter areas. Bias and temperature dependence
of the fluctuation properties (RTS properties) will provide additional information
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about the origin of the 1/
 noise, which would be an interesting continuation of the
work in Papers 2-4.

As demonstrated in this thesis, the traps responsible for the 1/
 noise were
effectively passivated by hydrogen. The improved 1/
 noise properties was related
to passivation of traps distributed over the emitter area. This interface is
suggested to be the physical location of the dominating sources for the 1/
 noise in
unstressed bipolar transistors. Recombination centers responsible for non-ideal
base currents, as well as degraded AC performance, were located to the
SiO2/monosilicon interface beneath the spacers at the emitter periphery. Those
recombination centers were also passivated by hydrogen. For stressed devices,
this interface is sometimes responsible for high 1/
 noise levels. An interesting
continuation of Papers 5 and 6 would be to investigate the influence of hydrogen
passivation on DC, AC and 1/
 noise properties in stressed devices, where the
traps are located to the emitter periphery beneath the spacers.

SiGe HBTs have more possible locations for noise sources than silicon BJTs,
since their 1/
 noise also depends on the epitaxial quality of the base as well as
lateral base design parameters. For an optimized lateral base design with an
epitaxial base of high quality, the dominating noise sources in SiGe HBTs will be
located to the interface between the polysilicon and monosilicon emitter, just as
for polysilicon emitter BJTs. Hence, the noise level in SiGe HBTs does not
necessarily have to be higher than for silicon BJTs.

Finally, 1/
 noise properties of bipolar transistors is investigated for a circuit
application, where the up-conversion process of 1/
 noise to phase noise is
demonstrated in a VCO. This confirms the theory that not only the Q-value, but
also the 1/
 noise of the bipolar transistor is important for the phase noise in
oscillators.
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1 #�)�*�
��+�%+���+���� �����,+���+�����,+�������(�����+���� ��� ����!
(�&�������-�'����
������+���

A new test structure for parameter extraction is proposed. The test structure
is basically a bipolar junction transistor (BJT), but without the intrinsic
base. The test structure allows extraction of the extrinsic base, emitter and
collector resistances, and the corresponding contact impedances, as well as
the extrinsic base-collector capacitance.

The author invented the idea, participated in the process fabrication,
performed all DC and AC measurements, developed the model and
performed the simulations, performed parameter extraction, and wrote the
manuscript. The author also established the high-frequency measurement
set-up.

2 .������� +/�� 0����+���� ��� +/�� 1�*!���2����&� )����� ��� (�&������
���++���-�'����3���+����
������+���

In this work, the variation in the low-frequency noise on BJTs with very
small emitter areas (��) was investigated. The variation was found to
depend as ��

-0.5. Thus, a new SPICE model is proposed, which takes this
deviation into account.

The author made the BJT designs, performed all DC and noise
measurements, developed the model, and wrote the manuscript.
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3 #� )�*� .���� ���� +/�� 1�*!���2����&� )����� ���� +/�� )����� 1�4�
0����+�������(�&����������++���-�'����3���+����
������+���

Based on the results in Paper 2, a physical description of the low-frequency
noise in bipolar transistors is presented. This model is based on the
superposition of Lorentzians, and is shown to be in excellent agreement
with simulations.

The author made the BJT designs, performed all DC and noise
measurements, developed the model, performed the simulations, and wrote
the manuscript.

4 %+�+��+���� %����+����� ��� +/�� 1�*!���2����&� )����� ��� (�&������
���++��� -�'���� 
������+���� 5����� �� .���� -����� ��� 6�����+���!
���������+�������+���

This paper presents simulation results, using the physically based model
presented in Paper 3, together with a built-in randomness in the distribution
of the energy levels of the traps. This work proposes a new method to
estimate the trap concentration in a device, and under what conditions a
Lorentzian can be observed as superimposed on the background 1/
 noise.

The author made the BJT designs, performed all noise measurements,
developed the simulation programs, and wrote the manuscript.

5 
/�� �����+� ��� 7&������� (����4�+���� ��� ���+����� �/����+����+���� ��
 ����!(�&�������%��!#������-�'����
������+���

As shown in this paper, lots of defects are incorporated in a BJT after a
standard fabrication process. Many of these defects are usually passivated
by hydrogen after a so-called forming gas anneal (FGA). By comparing DC
and AC characteristics before and after FGA, information about the exact
location of the defects is achieved. The defects responsible for DC and AC
degradation are located to the SiO2/monosilicon interface, along the emitter
perimeter.

The author participated in the fabrication process as well as the forming gas
anneal, performed all electrical evaluations, developed the model, and wrote
the manuscript.
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6  ��������� 1�*!���2����&� )����� �&� 7&������� (����4�+���� ��
(�&����������++���-�'����
������+���

Paper 5 showed that defects responsible for DC and AC degradation are
found along the emitter perimeter. Although the same process is used in this
work, defects responsible for the low-frequency noise degradation are
located at the thin SiO2 interfacial layer between the polysilicon and
monosilicon emitter. Similar to Paper 5, many of those defects can be
passivated by FGA.

The author participated in the fabrication process as well as the forming gas
anneal, performed all DC and low-frequency noise measurements and
interpretations, and wrote the manuscript. The author also established the
low-frequency noise measurement set-up.

7 1�+���� -����  ������ ����� ���� 8'+���9��� 1�*!���2����&� )����� ��
 �������+��&�6��*��%�6��7�+���:���+����-�'����
������+���

This work demonstrates that additional defects, acting as noise sources, can
be present in silicon-germanium (SiGe) heterojunction bipolar transistors
(HBTs). The exact location of the defects was found by observing the noise
dependency on different lateral base designs. It appears that the low-
frequency noise in SiGe HBTs is very sensitive to the design, and usually
related to interfaces in the base or emitter region.

The author participated in the fabrication process, performed the DC and
low-frequency noise measurements, and wrote the manuscript.

8 5'!���4���������� �4�����;��)�����+��(/����)��������0�+�������+����
8����+���

This paper demonstrates the importance of the low-frequency noise in the
device in a circuit application. A voltage controlled oscillator (VCO) is used
as a demonstrator, showing the up-conversion process of low-frequency
noise to phase noise.

The author designed the VCO circuit and made the layout, performed all
simulations and electrical characterization, and wrote the manuscript.



Martin Sandén

58


	Abstract
	Contents
	Acknowledgements
	Appended papers
	Summary
	1: Introduction
	2: Extraction of RF parameters
	3: Origin of 1/f noise in polysilicon emitter bipolar transistors
	4: Effect of device low-frequency noise on phase noise in oscillators
	5: Concluding remarks
	6: References
	7: Summary of appended papers


