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Figure S1: SEM images of Si NC FETs (a,b) top view and (c,d) cross-sectional view with 

sizes of (a,c) 4-7 nm and (b,d) 8-15 nm. 
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Figure S2: X-ray diffraction patterns of (solid) large and (dotted) small NCs for (111) 

reflection. Inset: full pattern. Extracted sizes for large: 9.3 nm ± 0.2 nm Small: 5.5 nm ± 0.1 

nm 

 

 

Transient processes 
 

We observe three main transient processes, as highlighted in Figure S3, during 

measurements of the Si NC FETs: 1) time-dependent ID at constant applied VGS and VDS 

[Figure S3(a)], 2) “off” current dependent on the sweep-rate of VGS, and 3) a shift in VT due 

to gate-bias stressing of the devices. We attributed these effects to the screening of the 

electric field by trapped carriers and defect creation/removal. The former mechanism is 

shown in Figure S3(a) where VGS is suddenly changed and ID is monitored as a function of 

time. Similar results have been observed for other NC FETs  and this type of behavior is 

believed to originate either at the gate-oxide/NC interface or due to traps in the NCs.
1,2

 Here 
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we cannot conclusively demonstrate either mechanism, however the transient response rate 

changes significantly for each batch of NCs which suggests similar trapping process related 

to the Si NC surface as previously described for 2-terminal conductivity measurements of Si 

NCs
3
 and Si NC FETs.

4
 Similar trapping processes are likely responsible for the “off” current 

that is dependent on the sweep-rate of VGS, as shown in Figure S3b.  

The shift in VT can be exaggerated by holding a gate-bias for a period of time followed by a 

quick measurement of the ID–VGS characteristics. In Figure S3c typical ID–VGS characteristics 

are shown after a device has been stressed for a period of time with an applied gate voltage of 

VGS = VGD = 30 V. VT shifts towards the applied stress bias and in Figure S3d the threshold 

voltage shift (∆VT) is plotted for several Si NC FETs fabricated with different doping 

concentrations and sizes. Here we did not observe any apparent trend in ∆VT with size or 

doping-type and there were both significant variations between different NC batches and 

within the same batch across different devices. In addition to the trapping process previously 

highlighted, where deep traps could impact VT, defect creation or removal is expected to also 

contribute to changes in VT. In amorphous Si FETs this gate-bias induced shift of VT is 

attributed to creation (positive gate bias) or removal (negative gate bias) of defects related to 

hydride species.
5,6

 A similar effect would be expected for Si NCs due to the large amount of 

hydrogen terminating the NC surface and the relatively low energy required for 

rearrangement of Si-Hx bonds.
7
 Other possibilities include mobile traps (for example metal 

ions) that can have a similar effect on VT. These results demonstrate the need to quickly 

acquire the ID–VGS characteristics to accurately determine the carrier mobility and VT without 

the interference of traps or defects. The origin of these traps or defects is presently unclear 

and further investigation is necessary.   
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Figure S3: (a) Drain-current (red) with sudden changes in gate voltage (black circle) for (red 

squares and diamonds) two devices fabricated from 4-7 nm 1% B doped Si NCs. (b) ID–VGS 

characteristics for different VGS sweep rates (see legend for sweep rates) for 8-15 nm 1% B 

doped.  (c) ID–VGS characteristics for various gate stress times (see legend) for 8-15 nm 1% P 

doped with VDS = 30 V and (d) ∆VT with gate stress applied (VGS = VGD = 30 V) for (red 

diamonds) 4-7 nm 1% P doped, (red circles) 8-15 nm 1% P doped, and (black circle) 8-15 nm 

intrinsic, and (VGS = VGD = -30 V) for (blue circle) 1% B 8-15 nm and (green circles) 1% P 8-

15 nm Si NC FETs. 
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Figure S4: On/off ratio as a function of Si NC thickness for slow scan rate (0.1 Vs
-1

) for 1% 

B doped 8-15 nm Si NC FET. 
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Figure S5: ID-VGS traces for small (4-7 nm) Si with various nominal doping concentrations 

(see legend), on a (a) semi-log scale (b) on a linear scale measured with a drain-source 

voltage (VDS) of 30 V. Output characteristics of small (4-7 nm) Si NCs thin-film transistors of 

with nominally (c) 1% B doped, (d) intrinsic, (e) 1% P doped, (f) 2% P doped, (g) 5% P 

doped, and (h) 10%  P doped. All devices shown have W/L of 2000/20 µm.  
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Threshold voltage 

The threshold voltage (VT) for a FET operating in inversion can be modeled with the 

gradual channel approximation (or Shockley model).
8,9

 This is the common model used to 

describe metal-oxide-semiconductor FETs (MOSFETs), however many thin-film FETs 

(TFTs) can operate in both inversion and accumulation as there is no junction at the 

source/drain contacts. For the purposes of determining the dopant activation efficiency we 

assume B-doped Si NC FETs operate in inversion regime and P-doped Si NCs operate in the 

accumulation regime.  

For devices in inversion, VT is the sum of the flatband voltage (VFB), twice the bulk 

potential of the Si NC film (��), and depletion layer across the oxide, 

�� = ��� + 2�� + 	(����)
��� 	����(�������)	(����) , 

where εs, q, Na, Nd, VSB, and Cox, are the dielectric constant of the Si NC thin-film, charge of 

an electron, number density of acceptor and donor atoms, source-to-body voltage and  oxide 

capacitance, respectively. The flatband voltage (VFB) is given by, 

��� = Φ�� − !"
#$%. 

With the fixed charge at the oxide (Qf) assumed to be zero, and the difference between the 

workfunction of the gate material and Si NC film (ΦMS), given by, 

Φ�� = Φ� − Φ� = Φ� − χ + Ε&
� + ��. 

Where ΦM is (~5.1 eV) for the p+ silicon substrate used in this study, Χ is electron affinity of 

the Si NC film (4.05 eV) and Eg is the bandgap of the Si NC thin-film (1.17 eV). The bulk 

potential of the Si NC film is given by: 

�� = '�
	 ln��*+ 	,-.	�� = −

'�
	 ln��*+ . 

Where k, T, and ni, are the Boltzmann constant, temperature, and intrinsic carrier density 

(assumed as 10
10 

cm
-3

). 
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For devices in accumulation, the channel is formed in the entire thickness h of the Si NC 

thin-film [assumed as 30 nm for Figure 4(a)] and the threshold voltage is related to the 

density of Nd and Na: 
8–10

 

�� = ��� − 	/(����)
��� . 

Although we assume bulk-like properties for the Si NC thin-film, for devices in inversion 

size-dependent effects are expected to alter εs, Χ, and Eg. For the latter two material properties, 

Χ, and Eg, have been observed to be strongly coupled to each other with decreasing size
11

 

where we expect only a small change in VT for Si NCs as compared to bulk silicon (<1 V). As 

the size of Si NCs is reduced εs has been observed to be strongly size-dependent where bulk 

Si is 11.9 and can be reduced up to 4.5 for small 2 nm Si NCs).
12,13 

 This is expected to 

reduce the change in VT due to excess donors or electrons by (01,345'−01,��)6.8 compared to 

bulk. This size-dependence cannot be accurately determined due to the large variation in 

doping efficiencies that is expected to result in similarly large variations in VT.FTIR 

Assignments 

The FTIR of Si NCs spectra are typical for this plasma synthesis method as shown in 

Figure S6 (normalized and linear baseline subtracted) and have been discussed in detail 

elsewhere.
14–15

 Briefly, silicon hydride stretching modes (Si-Hx) are observed at 2140 cm
-1

, 

2100 cm
-1

, 2080 cm
-1

 for x = 3, 2, 1, respectively. In addition silicon hydride deformation, 

scissor and wage modes at 960 cm
-1

, 903 cm
-1

, 863 cm
-1

 are assigned.
17

 Oxide related features 

can also be seen at ~2250 cm
-1

 for O-Si-HX
14,15,18

 and 1040 cm
-1

, and 1100 cm
-1

 for Si-O-Si 

bonds.
14,15,18

 These oxide modes are generally much smaller as compared to the hydride 

modes revealing that the surface of the Si NCs is mostly hydrogen terminated. For chlorine 

terminated Si NCs, we attribute the broad feature at ~570 cm
-1

 to Si-Clx stretching and 

bending modes.
19–21

 The broad absorbance for 10% P and B doped 10 nm Si NCs is 

characteristics of localized surface plasmon resonance (LSPR).
16

 It should be noted that the 
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difference in doping concentration required to exhibit LSPR in Figure 6a compared to the 

previous report is attributed to different synthesis conditions resulting in different size and 

possibly activation of dopants. 

 

 

Figure S6: FTIR spectra of Si NCs for (a) full spectra, and (b,c) detailed regions. See figure 

for trace assignments. 
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