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A B S T R A C T   

A new Double-BOX structure is introduced to reveal the electrical properties of undoped polysilicon used to 
enhance the performance of radio frequency SOI substrates. A plateau is clearly observed in the capaci
tance–voltage (C-V) characteristics, which is due to the influence of the potential barrier formed at the grain 
boundary. A tangential approximation method based on a three-element circuit model is proposed for correcting 
the measured C-V curve. With the corrected C-V curve, the effective trap density distribution in polysilicon is 
determined for each frequency.   

1. Introduction 

High resistivity Silicon-on-Insulator (HR-SOI) substrate is widely 
used for radio frequency (RF) integrated circuits and mixed signal ap
plications due to its low cost and low loss. The problem is the well- 
known parasitic surface conduction (PSC) effect caused by the fixed 
charges in the buried oxide layer (BOX) [1,2,3]. The PSC effect leads to 
resistivity degradation near the BOX/Substrate interface, and thus in
creases the substrate loss. To solve this problem, a trap-rich layer with 
high resistivity is introduced underneath the BOX [1,4]. This layer is 
commonly achieved with polycrystalline or amorphous silicon. The 
electrical properties of polysilicon are strongly affected by the large 
density of traps [5]. The more traps in it, the better the RF performance 
will be. Therefore, the trap density of polysilicon near the interface is an 
important parameter that governs the RF quality of the substrate. 
However, it is difficult to extract the trap density directly with C-V 
method on traditional trap-rich SOI wafers, due to the impact of the 
depletion layer in the silicon substrate. We propose a new structure with 
double BOX (D-BOX) layers to overcome this issue, as shown in Fig. 1. 

The presence of the BOX2 eliminates the impact of the bulk depletion 
layer on C-V performance, simplifying the analysis and making the 
characterization of trap density in the trap-rich layer come true. 

In this paper, we characterize the trap density in the trap-rich layer 
with C-V method on D-BOX structure. The equivalent RC circuits at 
different gate biases are developed according to the analysis of TCAD 
simulation. Then, a three-element circuit model is used to correct the 
capacitance and conductance measurements. Finally, the effective trap 
density of the polysilicon is calculated directly from the corrected C-V 
curve. 

2. Device fabrication and experimental setup 

The D-BOX (metal/oxide/polysilicon/oxide/silicon) structure 
(Fig. 1) was fabricated at UClouvain. The fabrication process is as fol
lows: firstly, a silicon dioxide (BOX2) layer was thermally grown at 
900℃ on top of the silicon substrate. Then, a polysilicon layer was 
deposited by low-pressure chemical-vapor deposition (LPCVD) at 625℃. 
The capacitive structure is composed of a silicon dioxide layer (BOX1) 
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deposited on top of the polysilicon film by plasma-enhanced chemical- 
vapor deposition (PECVD). Finally, an aluminum layer was deposited on 
top of BOX1 and in contact with the polysilicon film. The polysilicon 
film is undoped, while the silicon substrate is lightly p-doped with a 
resistivity of 10 kΩ•cm. The area of the metal gate on top of BOX1 layer 
is 8.76 × 10− 6 m2. Other information related to the structure are given in 
Fig. 1. 

C-V and G-V measurements were performed using a Keysight 
B1500A semiconductor parameter analyzer from 1 kHz to 100 kHz 
under dark at room temperature. The High and Low electrodes are 
connected to the front gate and polysilicon, respectively. To obtain ac
curate and reliable results, the hold time and delay time are set to 30 s 
and 1 s, respectively. 

3. Experimental results and discussion 

Fig. 2 shows the measured C-V characteristics of the polysilicon MOS 
structure for frequencies from 1 kHz to 100 kHz. A large frequency 
dispersion is observed. This dispersion arises from the large value of 
series resistance and the time-constant dispersion of the traps in poly
silicon. The depletion regime occurs at the minimum capacitance value, 
which aligns with the flat band voltage (VFB). The curves are shifted to 
negative gate voltage, due to the positive fixed charges in the oxide (VFB 
= -6 V). Moreover, a plateau is clearly observed in the electron accu
mulation region near flatband (VFB < VG < 4 V). This phenomenon 
appears for all the measured samples. Hereafter, we simulate the 
structure with a TCAD tool (Atlas from Silvaco) to explore and 

understand this specific behavior. 
Under the deposition conditions used in this work, the polysilicon is 

composed of a large number of columnar grains. According to previous 
research [6], there are few trap states in grains, whereas a high density 
of traps exists at oxide interfaces and grain boundaries. Therefore, the 
polysilicon layer can be described with the structure shown in Fig. 3 (a) 
where traps are only located at the front/back interfaces and along the 
grain boundaries. The bulk of the grain is treated as intrinsic mono
crystalline silicon. A similar structure of polysilicon film has been pro
posed in the literature [6]. To simplify the simulation, we developed a 
model with only half of this structure, as shown in Fig. 3 (b). Here, only 
grain boundaries are considered. The distribution of trap states at the 
ground boundary shown in the literature [7,8] was used in the simula
tion. This distribution contains both exponentially decaying band tail 
states and Gaussian distributions of mid-gap states. The simulated curve 
shown in Fig. 4 (a) agrees quite well with the experimental results. 
Without a positive oxide charge VFB is shifted to 0 V. 

In our device, the gate controls the carrier density in the grains under 
the “High Contact”, resulting in the modulation of the grain boundary 
barrier height. With the help of TCAD simulation, we obtain the energy 
band diagrams and the equivalent RC circuits of the polysilicon at 
different gate biases, as shown in Fig. 4 (b)-(f).  

• At VG = -15 V (Fig. 4 (b)), the holes are accumulated under the “High 
Contact”. Since the polysilicon also has a p-type behavior at the grain 
boundary [6], the region near the grain boundary is in accumulation 
or weak depletion mode that can be neglected. The total capacitance 
equals to Cox in series with Cit.  

• At VG = 0 V (Fig. 4 (c)), which is the flat band voltage, the polysilicon 
under the “High Contact” is fully depleted. The depletion capacitance 
(Cdep) in series with Cox leads to the decrease of the total capacitance 
to its minimum value.  

• At VG = 1 V (Fig. 4 (d)), the electrons start to accumulate under the 
“High Contact”. Because of the p-type behavior of the grain bound
ary, a depletion region is formed at the grain boundary. Due to the 
existence of Cgb, the total capacitance is smaller than that for hole 
accumulation (VG = -15 V). Thus, a plateau appears on the C-V curve.  

• At VG = 4 V (Fig. 4 (e)), the electron concentration under the “High 
Contact” increases with the gate voltage, leading to a decrease of the 
width of the depletion region at the grain boundary. The values of 
Cgb and total capacitance should have increased, but a decreased or 
constant value of the total capacitance is observed in both experi
ments and simulations. This can be explained by the expansion of the 
inversion layer: another depletion region (C’) is formed near the edge 
of “High Contact” and increases the depletion width.  

• At VG = 15 V (Fig. 4 (f)), the depletion width decreases further with 
VG, resulting in a higher total capacitance. When the depletion width 
at the grain boundary is small enough, the value of Cgb can be 
neglected and the equivalent RC circuit can be simplified. 

4. Trap extraction method and results 

To obtain more reliable capacitance and conductance characteristics 
of the device, the series resistance RS caused by the high resistivity 
polysilicon between the two contacts need to be de-embedded from the 
measurement data. Here, we use a three-element circuit model to correct 
the C-V curve, as shown in Fig. 5. Fig. 5(a) gives the two-element parallel 
circuit model serving for typical admittance characterization, where Cm 
is the measured capacitance and Gm is the measured conductance. Fig. 5 
(b) presents the three-element circuit model with Cc being the corrected 
capacitance and Gc the corrected conductance. By equating the real part 
of the total impedance in Fig. 5(a) and (b), we obtain: 

Gm

G2
m + (ωCm)

2 =
GC

G2
C + (ωCC)

2 +RS (1) 

Fig. 1. Cross-section of the D-BOX structure with trap-rich layer.  

Fig. 2. Measured C-V curves of the polysilicon MOS structure for a frequency 
range from 1 kHz to 100 kHz. 
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where ω is the angular frequency. With D = G/ω, Equation (1) can be 
rewritten as: 

Dm

ω(D2
m + C2

m)
=

DC

D2
C + C2

C
× (

1
ω)+Rs (2) 

The intercept of Dm/[ω(Dm
2 + Cm

2 )] vs 1/ω with the Y-axis gives the 
value of RS, as shown in Fig. 6. However, due the potential barrier 
formed at the grain boundary under the “High Contact”, the value of RS 
changes with gate bias and frequency. In hole accumulation region, no 
or very low potential barrier is formed at the grain boundary. The plot in 
Fig. 6(a) is linear as a function of 1/ω, which means that the value of RS 

is independent on frequency and can be extracted directly from the 
intercept with the Y-axis. In electron accumulation region, the potential 
barrier is high at the grain boundary. Due to the non-negligible effect of 
the barrier region on the total RS, the plot in Fig. 6(b) is no longer a 
linear function of 1/ω. The value of RS depends on frequency and should 
be determined by the intercept of the tangent line with the Y-axis. 

The extracted RS as a function of gate bias at 1 kHz is plotted in Fig. 7. 
In strong hole accumulation region, RS is nearly constant with a value of 
4 kΩ. The peak value appears when the barrier has a maximum width at 
the grain boundary. With the increase of gate bias, the width of the 
barrier region decreases and so does the value of RS. The shape of this 

Fig. 3. (a) Structure of the polysilicon film with oxide interfaces and grain boundaries; (b) Cross-section of the simplified structure used in TCAD simulation.  

Fig. 4. (a) Simulated C-V curve at 1 kHz. Energy band diagrams and equivalent RC circuits of the polysilicon with (b) VG = -15 V, (c) 0 V, (d) 1 V, (e) 4 V, and (f) 15 
V. Cox is the capacitance of BOX1. Cit and Git are the capacitance and conductance of the interface traps, respectively. RS is the series resistance. Cdep and Gdep are the 
total capacitance and conductance of the depletion region in polysilicon under the “High Contact”, respectively. Cgb and Ggb are the total capacitance and 
conductance of the depletion region formed at the grain boundary. C’ and G’ are the capacitance and conductance of the additional depletion region near the edge of 
“High Contact”. 
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curve corresponds well with the extracted effective resistivity of the 
trap-rich substrate in [4]. 

After withdrawing the effect of RS, the corrected capacitance CC and 
conductance GC curves are obtained. Then, the equivalent circuit for the 
MOS capacitor proposed in [9,10] is used to calculate the effective trap 
density in polysilicon, as shown in Fig. 5 (c). Here, CD is the depletion 
layer capacitance. Ct and Rt form the series RC network of the effective 

trap states in polysilicon, which includes the effects of both interface 
traps and grain boundary traps. Since the oxide capacitance Cox is 
determined from the geometric parameters of the device and CD can be 
ignored in hole/electron accumulation region, the numerical values for 
Ct and Rt can be calculated. The trap capacitance is converted to trap 
density by dividing by the electronic charge and the area of the capac
itor. The calculated effective trap densities in polysilicon as a function of 
gate bias for a frequency range from 1 kHz to 5 kHz are shown in Fig. 8. 
It is found that the defect states in polysilicon have a U-shaped distri
bution with shallow exponential tail states near the conduction/valence 
band and deep states in the form of narrow peak near the mid-gap. 
Similar behavior in the defect states distribution of polysilicon was 
found in [7] and [11]. In addition, a frequency dispersion is observed 
over the whole range of gate bias, which indicates the wide distribution 
of time constant at the Fermi level in polysilicon. In other words, the trap 
states at a given surface potential have more than one time constant. 
Therefore, the trap density calculated by the single RC series circuit 
represent the average effect of all the states with their various time 
constants. It is worth noting that the calculated trap density at a specific 
frequency only represents those trap states capable of following the ac 
signal. To ensure all trap states respond to the ac signal, lower frequency 
measurements are needed. 

5. Conclusions 

We proposed a new D-BOX structure to characterize the trap density 
in the trap-rich layer with C-V method. A plateau is observed in the C-V 
characteristics of the undoped polysilicon MOS structure. To analyze 
this phenomenon, the energy band diagrams of the polysilicon at 
different gate biases were computed. It is the potential barrier at the 
vertical polysilicon grain boundaries that causes the anomalous C-V 
behavior. A three-element circuit model was developed to correct the 
capacitance and conductance measurements by considering the large 
value of series resistance caused by the high-resistivity polysilicon. This 
correction is able to recover the real electrical properties of the 
measured C-V curve and deliver the distribution of the effective trap 
density. The D-BOX structure used in this paper provides a simple 
evaluation method to determine the quality of trap-rich layer at wafer 
level without complex device fabrication process. 
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