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A B S T R A C T   

We fabricated a vertically aligned and staggered structure comprising 20–stacking layers of SiGe–nanodots (NDs) 
embedded in Si via reduced–pressure chemical vapor deposition and investigated their electron emission 
properties. The SiGe–NDs with a 35% Ge content were deposited using SiH4–GeH4, while Si spacers were 
deposited using SiH4 or SiH2Cl2 to control a 3D–alignment of staggered or dot–on–dot structure, respectively. 
Top Au electrodes with 5–nm–thick SiO2 and bottom Al contact were fabricated for electron emission mea-
surements. After applying a bias of − 3.8 V to the bottom Al–electrode with respect to the grounded top 
Au–electrode, electron emission was observed from the staggered SiGe–ND stack, which was slightly lower than 
that of the vertically–aligned NDs. In addition, we also observed a reduction in sample current with the formation 
of the staggered SiGe–ND stack. These results indicate that aligning SiGe–NDs in a staggered configuration 
suppresses leakage current and improves electron emission efficiency.   

1. Introduction 

The fabrication of SiGe– and Ge–nanodots (NDs) and their stack 
structures embedded in Si via controlling self–assembly in the early 
stages of heteroepitaxial growth on crystalline Si (c–Si) has attracted 
considerable attention because of their importance in practical appli-
cations, such as light–emitting diodes, mid–infrared photodetectors, and 
functional nanodevices with quantum transport [1− 20]. Especially, 
electron field emission from Si–NDs has been intensively studied 
because its unique electron emission properties are expected to be 
suitable for electron microscope, electron lithography and field emission 
display [21− 26]. In addition, the liquid–phase depositions of Si and Ge 
films have been successfully demonstrated by using a hot electron 
emitter based on the Si–NDs [27− 29]. However, achieving precise 
control of NDs in three dimensions is critical to enabling smooth carrier 
transport. Therefore, the process development for heteroepitaxial 
growth of SiGe– and Ge–NDs on Si (001) is widely investigated using 
chemical vapor deposition (CVD) [30–33]. Previous studies have suc-
cessfully demonstrated three–dimensional (3D) alignment control of 

SiGe–NDs. Using Si2H6 as a precursor for Si–spacer deposition, 
SiGe–NDs were formed directly above the embedded SiGe–NDs nearest 
to the Si surface (dot–on–dot), resulting in vertically aligned SiGe–NDs 
[34]. When SiH4 was used for Si–spacer deposition, SiGe–NDs were 
formed on the Si surface with a checkerboard pattern [35,36]. By 
repeating the sequence of ND formation and Si–spacer deposition, 
SiGe–NDs were aligned at staggered positions. Nanobeam diffraction 
analysis revealed that the driving force behind this alignment is likely 
the local tensile strain formed at the Si surface above the embedded 
SiGe–ND. In this study, we fabricated vertically aligned and staggered 
structures comprising 20–stacked SiGe–NDs embedded in Si using a 
reduced–pressure (RP) CVD and characterized their electron emission 
properties. 

2. Sample preparation 

Self–ordered 3D SiGe–NDs embedded in Si structures were fabricated 
using RP–CVD. Herein, an n–type Si(100) wafer with a phosphorus 
concentration of ~5 × 1015 cm− 3 was used. After conventional 
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wet–cleaning steps, ~50–nm–thick Si layers were epitaxially grown on 
the n–Si(100) substrate using SiH4 via RP–CVD. Subsequently, SiGe–NDs 
with a Ge content of 35% were deposited at 550 ◦C using a mixture of 
SiH4 and GeH4 gases. Growth rate of the SiGe layer is 6.6 nm/min And 
nominal target SiGe thickness is 5 nm. The SiGe–NDs were then covered 
with a 50–nm–thick Si spacer, which was deposited using SiH2Cl2 or 
SiH4 to form dot–on–dot aligned and staggered SiGe–NDs, respectively. 
By repeating the deposition of SiGe–NDs and the Si spacers, 20–stacked 
SiGe–NDs embedded in Si structures were formed. We also fabricated a 
20–stack SiGe quantum well (QW) structure as a reference. For the 
SiGe–multi–QW growth, same process condition as the SiGe–ND de-
positions was used. To prevent SiGe–ND formation, reduced process 

temperature by 50 ◦C using SiH4 is selected for the following Si spacer 
depositions to prevent SiGe–ND formation by Stranski–Krastanov 
mechanism. After forming SiGe–ND and QW multiple–stack structures, 
~5.0–nm–thick SiO2 layers were formed using atomic layer deposition 
(ALD). After that, Au top–electrodes, and subsequent Al contact were 
formed by thermal evaporation through a stencil mask, where the size of 
Au–electrode and Al–contact pad was ~4.13, and ~1.15 mm2, respec-
tively. Finally, Al backside–contact electrode was formed through 
thermal evaporation. 

Fig. 1 shows a measurement set up for electron emission. The elec-
tron emission characteristics were evaluated in the vacuum of ~10− 2 Pa. 
A collector electrode with a size of ~7.85 mm2 for electron emission 
current measurement was placed ~10 mm away from the sample sur-
face, and DC bias (Vs) applied with respect to the top electrode. In this 
experiment, to prevent the measurement loss of electron emission cur-
rent caused by secondary electron emission, porous gold film was used 
for the collector electrode, as shown in the inset Fig. 1, and acceleration 
bias (Vacc) was applied with respect to the top electrode. 

3. Results and discussion 

Fig. 2 shows cross–sectional scanning electron microscopy and 
high–angle annular dark–field (HAADF) scanning transmission electron 
microscopy (STEM) images of 20–stacked SiGe–NDs embedded in Si 
structures. The images depict the formation of vertically aligned and 
staggered 20–stacks of SiGe–ND structures. The estimated dot heights 
are ~15 and ~20 nm for the vertical–aligned and staggered NDs, 
respectively. For both samples, no misfit dislocation formations are 
observed indicating pseudomorphic growth of the SiGe–ND. Well-
–ordered SiGe–ND alignment is indicating regular periodic strain dis-
tribution, i. e. no irregular fluctuations around the dislocations are 
existing in the STEM images. The SiGe–NDs are compressively strained. 
Strain distributions of Si spacers on the SiGe–ND layer is tensile above 
the embedded SiGe–NDs, compressive above the edge of the SiGe–NDs 
and neutral between the embedded NDs. Detailed strain distribution is 
described in Ref. 36. 

Fig. 3 shows the sample current (Is) and electron emission current (Ie) 
densities of the vertical–aligned–ND stacks as a function of DC bias (Vs) 

Fig. 1. Schematic view of measurement setup, and device structure. A SEM 
image of porous gold film is also shown. 

Fig. 2. (a, b) Typical cross–sectional SEM and (a’, b’) HAADF–STEM images of 
SiGe–NDs embedded in Si Structures. Si spacers were deposited using (a, a’) 
SiH2Cl2 or (b, b’) SiH4. 

Fig. 3. Sample current and emission current–sample voltage characteristics of 
the vertical–aligned, and staggered SiGe–NDs. The acceleration voltage was 
kept constant at 40 V. A reference is provided with a 20–stacked SiGe–MQWs. 
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while keeping the acceleration bias constant at 40 V. As DC bias in-
creases in the negative bias direction, the sample current also increases. 
Electron emission is observed when the sample voltage exceeds ~− 4 V. 
In addition, the emission current was exponentially increased with an 
increase in the |Vs| when the negative bias exceeds a threshold value of 
electron emission. No electron emission is observed under positive bias 
conditions. We also confirmed that electron emission current was hardly 
detected for the stacked–ND structures without ALD–deposited SiO2, 
which indicates that formation of the SiO2 layer on the dots–stacked 
structures effects on the electron emission from the dots. Notably, for the 
QWs, electron emission is detected at an applied bias over − 4.5 V, with 
no significant change in the current level compared to the verti-
cal–aligned NDs. However, the electron emission current of the QWs was 
slightly lower than that of the vertical–aligned NDs. 

To clarify where electrons were emitted from the vertical–aligned 
NDs structure, namely, the difference in electron concentration between 
vertical–aligned NDs and the spaces in–between, topographic and cur-
rent images were simultaneously measured using atomic force micro-
scopy (AFM) with a conducting probe at − 3.5 V applied to the backside 
contact relative to the tip. Fig. 4 shows a clear correlation between the 
topographic and current images. Unlike the topographic images, the 
current image reveals distinct contrast between NDs and the spaces. In 
this experiment, surface roughness is ruled out as a factor affecting the 
current since there is no significant difference between the current levels 
obtained in the current image and those obtained in point contact cur-
rent–voltage characteristics on the ND and the Si–spacer surfaces with a 
conducting probe. Therefore, the results obtained from the local electron 
transport measurements indicate electron conduction through the pro-
trusions in the direction of the film growth, especially the verti-
cal–aligned NDs, which dominate electron transport owing to the 
difference in electron concentration between the SiGe–NDs and the Si 
spaces. Considering the energy level difference of the valence band be-
tween the strained SiGe–ND and the Si spacer, as well as the quantum 
confinement effect of the NDs reported in ref [37], electron emission 
from the SiGe–NDs may be attributed to their deep potential well. 

We also evaluated the electron emission properties of the staggered 
NDs and found that electron emission is observed for the staggered NDs 
at an applied bias of − 3.95 V and over, as shown in Fig. 3. The threshold 
value of the emission current is almost the same as that of the aligned 
NDs although the sample current decreased slightly for the staggered 
NDs in spite of the region of series resistance of the device. This result 

indicates a decrease in the electron injection rate from the n–Si(100) to 
the staggered NDs. Based on these results, we summarized the emission 
current efficiency as a function of input power, which was calculated as 
sample bias × sample current density described in Fig. 3, at an accel-
eration bias of 40 V, as indicated in Fig. 5. Stable electron emission was 
obtained at lower input powers for the staggered NDs compared to the 
aligned NDs. It should be noted that the emission current tends to 
saturate with increased input power. To clarify the saturation of electron 
emission current, we also measured its dependence on acceleration bias 
while keeping the sample bias at − 5.0 V. The results clearly indicate an 
increase in the emission current with an increase in the acceleration 

Fig. 4. (a) Experimental setup for the conductive AFM measurement, (b) AFM topographic image, and (c) corresponding current images for the vertical–aligned 
SiGe–NDs. The current image was taken by applying a bias of − 3.0 V to the substrate. 

Fig. 5. Input power dependence electron emission currents for the staggered 
and vertical–aligned SiGe–NDs, with a constant acceleration bias of 40 V. 
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bias. Thus, we summarize the emission current as a function of the 
square of acceleration bias, as shown in Fig. 6. The emission current is 
proportional to the square of the acceleration bias. Hence, the saturation 
of electron emission at − 5.0 V and over can be attributed to the for-
mation of a space charge because the space–charge–limited current J is 
given by the following equation; 

J =
8εiμ
9d3 V2  

where εi, μ, and d are insulator dynamic permittivity, carrier mobility, 
and insulator thickness, respectively, and V is applied bias. The observed 
electron emission from the SiGe–ND stacks can be attributed to the 
electric field concentration on the upper layers of SiGe–NDs, resulting 
from the accumulation of holes in the deep potential well of the 
SiGe–ND. This accumulation facilitates the extraction of valence elec-
trons and enhances electron injection from the substrate, as schemati-
cally illustrated in Fig. 7. In addition, the improved electron emission 
efficiency of the staggered NDs under the low input power operation 
below ~5.0 W/cm2 can be explained by the reduced current leakage 
associated with the staggered structure. These results indicate that 
vertical–aligned SiGe–ND structures effectively enhance electron emis-
sion under high–voltage conditions, while staggered NDs are suitable for 
low–voltage operation at a low acceleration bias condition. 

4. Conclusion 

We have demonstrated that stable electron emission from the mul-
tiple stacked SiGe–NDs embedded in Si/n–Si(100) structures when the 
negative bias was applied to the bottom electrode with respect to the 
grounded top electrode over a threshold bias. Notably, the electron 
emission efficiency was markedly enhanced for staggered SiGe–NDs 
compared to the vertical–aligned SiGe–NDs under the low–voltage 
operation at a low acceleration bias condition. This enhancement can be 
attributed to a decrease in current leakage. 
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[37] M.V. Fischetti, F. Gámiz, W. Hänsch, J. Appl. Phys. 92 (2002) 7320–7324. 

K. Makihara et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S1369-8001(24)00123-9/sref8
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref8
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref9
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref10
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref11
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref12
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref12
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref13
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref13
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref14
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref15
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref15
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref16
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref16
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref17
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref18
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref18
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref19
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref19
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref20
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref20
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref21
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref21
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref22
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref22
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref23
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref23
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref24
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref24
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref25
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref25
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref26
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref26
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref27
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref27
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref28
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref29
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref29
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref30
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref31
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref31
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref31
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref32
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref32
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref33
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref33
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref34
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref34
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref35
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref35
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref35
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref36
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref36
http://refhub.elsevier.com/S1369-8001(24)00123-9/sref37

	Electron emission from alignment-controlled multiple stacks of SiGe nanodots embedded in Si structures
	1 Introduction
	2 Sample preparation
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


