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ABSTRACT: Tensile strained germanium (-Ge) layers heterogeneously integrated on Si substrates have 

technological importance for nanoscale transistors and photonics. In this work, the tunable tensile strained (0% to 

1.2%) -Ge layers were grown by solid source molecular beam epitaxy using GaAs and linearly graded InxGa1-

xAs as intermediate buffers, and their structural and metal-oxide semiconductor capacitors (MOS-Cs) properties 

were analyzed as a function of strain and process conditions. X-ray topography measurements displayed no visible 

thermal crack and low thermal stress of ~50 MPa. Temperature dependent strain relaxation properties, studied by 

x-ray and Raman analyses confirmed that the tensile strain amount of 1.2% was well preserved within the -Ge 

layer when annealed up to 550oC. Further, transmission electron microscopic study revealed good quality of 1.2% 

strained -Ge/In0.17Ga0.83As heterointerface. In addition, unstrained Ge (0% -Ge) MOS-Cs with atomic layer 

deposited Al2O3 and thermally grown GeO2 composite gate dielectrics of varying oxidation times (0.25 min to 7.5 

min) at 550oC exhibited low interface state density (Dit) of ~2.5×1011 eV-1cm-2 at 5 min oxidation duration. The 

minimum oxidation time needed for good capacitance-voltage (C-V) characteristics on 0.2% -Ge is inadequate 

to accomplish similar C-V characteristics on 1.2% -Ge MOS-C, due to the higher strain field impeding the 

formation of GeO2 interface passivation layer at lower oxidation duration. In addition, with trade-off between the 

minimum Dit and minimum equivalent oxide thickness values, ~1.5 min is found to be an optimum oxidation time 

for a good quality 1.2% -Ge MOS-C. The minimum Dit values of 1.36 × 1011 eV-1cm-2 and 2.06 × 1011 eV-1cm-2 for 

0.2% and 1.2% -Ge, respectively, were determined for 4 nm Al2O3 with 5 min thermal oxidation at 550oC. 

Therefore, the successful monolithic integration of tunable tensile strain Ge on Si with the structural, defects, and 

MOS-Cs analyses, would offer a path for the development of tensile strained Ge-based nanoscale transistors.  
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1. INTRODUCTION 

Group IV based materials - germanium (Ge), silicon-germanium (SiGe) and germanium-tin (GeSn) are under 

consideration for nanoelectronics and photonics.1-21 Due to their high carrier mobilities, supplementing these 

materials along with tunable compositional InxGa1-xAs (0.1  x  0.4) as channel materials will boost the on-current 

and ultimately device/circuit performances in an alternate channel CMOS,6, 19  tensile-strained Ge/InxGa1-xAs based 

tunnel transistors4, 22, energy-efficient SRAM cell architecture for ultra-low voltage applications 23, and photonic 

devices. 2, 5, 24, 25 For high-performance ultra-low voltage CMOS logic, RF circuits, and mixed signal low-noise 

amplifier circuits, it is widely accepted that InGaAs and Ge will serve as n-channel and p-channel transistor 

materials, respectively.19, 26-28 However, implementing these two different materials (i.e., Ge and InGaAs) on a Si 

wafer requires defect-controlled buffer engineering for the monolithic heterogeneous integration process rather than 

direct growth of Ge or SiGe on Si. Furthermore, Ge is an excellent choice for CMOS logic due to its 2.8 × and 4.2 

× higher electron and hole mobilities, respectively, compared to Si. In addition, Ge offers the highest hole mobility 

in comparison with any semiconductor material.29 Recently, we have experimentally demonstrated the 2 × increase 

in electron mobility of the biaxially tensile strained (1.6 %) epitaxial Ge (-Ge) layer through In0.24Ga0.76As/InxGa1-

xAs strain template.30 Although, potential success of this material and its related compounds (i.e., GeSn, SiGeSn) is 

achievable in photonics,1, 2, 5, 8, 9 there are many challenges that need to be dealt by the microelectronic industries 

before Ge or SiGe can be considered as viable candidates for a transistor channel material, listing two of them- (i) 

monolithic heterogeneous integration of Ge or -Ge on Si, and (ii) high-/-Ge heterointerface. The potential 

solution in the former is to bridge the lattice constant between the upper layer of interest (i.e., Ge, SiGe, or -Ge) 

and the Si substrate, and the latter is to insert an interface passivation layer (IPL) between high-/Ge or -Ge 

interface to reduce interface defects. In addition, one needs to control the thickness of the IPL layer on the unstrained 

Ge or -Ge layer prior to high- dielectric deposition. Note that the thermal oxidation has been relatively a popular 

method for the formation of high-quality GeOx/Ge interface in addition to the Si capping on Ge or SiGe layer.31-37 

The 4% (or higher) lattice mismatch between the unstrained Ge (or -Ge) layer and the Si substrate results in 

the formation of defects and dislocations within the Ge (-Ge) layer. These dislocations have a deleterious impact 
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on device performances by reducing both carrier mobility and carrier lifetime while increasing junction leakage. 

Recent studies demonstrated the high carrier lifetime38 of Ge on GaAs and high carrier mobility of 0.2% -Ge on 

Si39 and 1.6% -Ge on GaAs30. In addition to the 4% lattice mismatch between Ge epilayer and the Si substrate, 

there is also a thermal mismatch between them due to the large differences in the thermal expansion coefficients of 

Ge (Ge = 5.9×10-6 K-1) and Si (Si = 2.6×10-6 K-1),29 resulting in 0.2% tensile -Ge. The thermal mismatch will 

introduce (i) radius of curvature (i.e., wafer bow), (ii) thermal stress to film/substrate and resulting thermal crack,40 

and (iii) thermal mismatch induced defects. Therefore, design of a buffer architecture (i.e., graded Si1-xGex, III-V 

materials) to bridge the lattice constant of epitaxial Ge with the Si substrate is imperative for monolithic 

heterogeneous integration of device-quality Ge on Si rather than direct growth of Ge on Si.21 Direct growth of Ge 

on Si exhibited poor carrier lifetime. 41 Whereas, Ge grown on Si using 10 µm thick graded Si1-xGex buffer minimizes 

defects and dislocations however it creates thermal cracks, 40 and induces parallel conduction to the active Ge 

channel from SiGe buffer. 42, 43 Hence, this warrants an alternate III-V compound semiconductor buffer architecture 

design between the Ge and the Si substrate. Such a buffer architecture prevents generation of thermal crack, provides 

minimal thermal stress and confines the defects and dislocations within the buffer layer,44 and reduces parallel 

conduction to the Ge layer due to large bandgap buffer. In addition, the buffer architecture imparts tensile strain to 

the Ge layer, thereby improving the carrier mobility. 30 While high-κ dielectrics have successfully been demonstrated 

on Si-based CMOS down to 3 nm node,10-12, 45-49 finding a suitable high-κ gate-dielectric for Ge (-Ge) that is 

comparable in quality remains a challenge, and extensive research efforts are currently been devoted.20, 21, 31-37, 50-52 

The primary requirement for a good quality high-κ/Ge interface is to have an atomically smooth interface with 

minimal defects. An IPL, which is purposefully inserted between the high- dielectric and Ge, is a solution to 

improve the quality of a high-/Ge interface and reduce the interface state density (Dit). The IPL helps to passivate 

the surface by reducing defect concentration, thereby forming a higher quality interface with Ge. By careful 

selection and control of the oxidation temperature and oxidation time, Nakakita et al.53 were able to demonstrate 

metal-oxide-semiconductor capacitors (MOS-Cs) and MOSFET gate stacks consisting of Al2O3/GeOx/Ge with low 

Dit of ~2×1011 - 4×1011 eV-1cm-2, where the GeOx was thermally formed at 450-550°C oxidation temperature for 
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different thickness. This lower Dit value is correlated with higher peak hole mobility of 575 cm2V-1s-1 and ION/IOFF 

of ~ 105 of a Ge MOSFET.  

In this work, we present the epitaxial growth of unstrained and tunable tensile -Ge (0% to 1.2%) on GaAs and 

on Si substrates with appropriate buffer architectures, grown by solid-source molecular beam epitaxy (MBE) 

growth system. These layer structures were systematically investigated to study: (i) the thermal mismatch induced 

thermal stress and thermal crack via x-ray topography, (ii) temperature dependent strain relaxation properties via 

high-resolution x-ray diffraction and Raman spectroscopy, and (iii) interface and defect properties via cross-

sectional transmission electron microscopy (TEM) to qualify the epitaxial Ge films. The different oxidation times 

(0.25 min to 7.5 min) at 550oC for the formation of GeO2 IPL layer on Ge prior to the atomic layer deposited (ALD) 

4-5 nm thick Al2O3 high- dielectric, were carried out to study the interface passivation by investigating the value 

of minimum Dit. We correlate the Dit at the interface of Al2O3 high- dielectric on tunable tensile -Ge as well as 

annealing temperature extents to preserve the strain within the -Ge by studying the electrical measurements of 

fabricated Ge MOS-Cs at temperature ranging from 80 K to 290 K. A trade-off between the lowest Dit and the 

lowest equivalent oxide thickness (EOT) for -Ge MOS-Cs is observed. In addition, the minimum oxidation time 

of 0.5 min on 0.2% -Ge is inadequate to realize good capacitance-voltage (C-V) characteristics on 1.2 % -Ge. 

This implies that the strain field prevents the formation of thicker GeO2 layer on the 1.2% -Ge sample at 0.5 min 

of oxidation, where the minimum IPL thickness needed for an unstrained Ge is inadequate for good quality -Ge 

MOS-C properties and requires higher oxidation time to devise good C-V characteristics. Thus, this work will open 

up further study of the -Ge MOS-C with GeO2 or SiO2 IPL layer for the development of high- gate stack for 

future -Ge transistor implementation.   

2. EXPERIMENTAL SECTION 

2.1 Materials synthesis. Heterostructures consisting of (a) 280 nm thick epitaxial Ge layer on (100)/2o 

GaAs substrate with an intermediate 170 nm AlAs buffer (0% -Ge, Sample A), (b) 240 nm thick epitaxial Ge layer 

on (100)/6o off-cut Si with intermediate 170 nm AlAs/2.2 µm GaAs metamorphic buffer to accommodate the lattice 

mismatch strain between the Ge and the Si substrate (0.2% -Ge, Sample B), and (c) 30 nm thick 1.2% tensile 
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strained Ge (-Ge) on (100)/4o off-cut Si substrate with linearly graded InxGa1-xAs metamorphic buffer starting from 

GaAs buffer to the -Ge (Sample C), were synthesized by solid-source MBE, as shown in Fig. 1. For the unstrained 

Ge layer, an intermediate AlAs buffer layer was used to suppress or block interdiffusion of As, Ge and Ga atomic 

species. SUMO effusion cells for gallium (Ga) and germanium (Ge), 60 cc capacity of aluminum (Al), and 125 cc 

capacity of indium (In) effusion cells as well as arsenic valved cracker source, were used for this work. The bulk and 

cracker temperatures of arsenic source were set at 340oC and 900oC, respectively, for required As2 flux during 

growth and oxide desorption. The flux ratio of >22 (the ratio between the beam equivalent pressure of As2 and Ga (Al) 

constituents) was used during growth. For the strained Ge layer growth on (100) Si substrates that are off-cut in the 

4o-6o range towards <110> direction on the elimination/suppression of anti-phase domain boundary and stacking 

faults due to the polar (GaAs)-on-nonpolar (Si) growth formation is well-supported in the literatures5, 40, 44, 54, 55 and 

was applied in this work to realize GaAs on Si epitaxy. Each Si substrate oxide desorption was carried out in the 

temperature range of 900oC to 950oC without As2 over pressure, and similarly for GaAs substrates at 750oC under 

As2 flux of ~10-5 torr. During the GaAs or Si substrate oxide desorption and periodically throughout each layer 

growth, in-situ reflection high energy electron diffraction (RHEED) system attached to the group III-V growth 

system was used to monitor the surface reconstruction of GaAs, AlAs and graded InxGa1-xAs buffers. After the 

 

Fig. 1: Schematic representation of layer structure used in this work: (a) 280 nm Ge on semi-insulating (100)/2o GaAs substrate 

(0% -Ge) (Sample A), (b) 240 nm Ge on (100)/6o Si substrate with AlAs/GaAs composite buffer layer (0.2% -Ge) (Sample 

B), and (c) 30 nm Ge on (100)/4o Si substrate with composite graded InxGa1-xAs/GaAs buffer (1.2% -Ge) (Sample C).  
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oxide desorption of GaAs substrate at 750oC, the substrate temperature was reduced to 650oC growth temperature 

for 250 nm GaAs growth and 170 nm AlAs layer growth at 670oC. Growth temperature referred here is the 

thermocouple temperature. Growth rate of GaAs and AlAs is ~ 0.4 µm/hr and ~ 0.25 µm/hr, respectively. After 

completion of the AlAs/GaAs layer growth within the group III-V chamber, Sample A was cooled down < 200oC 

under As2 flux and then transferred to the group IV chamber for unstrained Ge layer growth. The growth temperature 

and growth rate of Ge layer were 400oC and ~ 25 nm/hr, respectively. The 400oC growth temperature was selected 

to prevent the interdiffusion of atomic species and abrupt heterointerface of Ge/AlAs.56 After the Ge layer growth, 

Sample A was slowly cooled down to < 100oC to avoid thermal cracking and unloaded from the chamber for material 

analysis.  

In the case of strained Ge layers (Samples B and C) on off-cut Si substrates, the 5 thermal cycle annealing steps 

(1-step: 400oC→650oC→400oC) were incorporated into the GaAs buffer layer to mitigate the lattice mismatch 

induced defects and dislocations prior to the growth of AlAs or linearly graded metamorphic InxGa1-xAs buffer, that 

bridges the lattice mismatch between the -Ge and the Si substrate. The linearly graded InxGa1-xAs metamorphic 

buffer was grown at 525oC growth temperature on GaAs/Si. After the growth of graded InxGa1-xAs buffer on 

GaAs/Si substrates (Samples B and C) in group III-V chamber, they were transferred to group IV chamber for 

strained Ge epitaxy. The Ge layer was grown at 400oC growth temperature with ~ 25 nm/hr growth rate. Both the 

MBE growth chambers are vacuum interconnected to minimize cross contamination of atomic species. The resulting 

structures were characterized using high-resolution x-ray diffraction for structural and strain analysis, cross-

sectional transmission electron microscopy (TEM) for defect microstructure, Raman analysis for strain in Ge, 

capacitance-voltage (C-V) and conductance-voltage (G-V) transport properties of fabricated Ge MOS capacitors. 

2.2 Materials analysis. After each heterostructure growth, the structural properties were evaluated via high-

resolution x-ray analysis by PANalytical X’pert Pro x-ray diffraction system. Symmetric (004) x-ray rocking curves 

from each layer structure were recorded to observe the crystallinity, composition, and relaxation state. Reciprocal 

space maps of both symmetric (004) and asymmetric (115) reflection planes were recorded from the 1.2 % -Ge 

layer stack (Sample C) as a function of annealing temperature (till 550oC) to determine the strain relaxation as a 
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function of temperature. In addition, the radius of curvature and thermal stress from the 0.2 % -Ge layer stack 

(Sample B) were determined by collecting several x-ray rocking curves as a function of the length traversed. 

Furthermore, x-ray topography measurement was performed on Sample B at Arizona State University’s materials 

analysis laboratory to evaluate the thermal induced crack of the layer structure grown on Si. Raman spectra were 

collected in the (001) backscattering geometry using a JY Horiba LabRam HR800 system, and were used to identify 

the vibrational properties of the 1.2 % -Ge epitaxial layer as a function of annealing temperature, in addition to the 

layer structures (Samples A-C and bulk Ge) studied here. Excitation wavelength of 514.53 nm (green) by Laser 

Physics Ar+ laser and the gratings of 1800 lines/mm were used during measurement. Laser power at the sample was 

~10 mW. The structural integrity of the 1.2 % -Ge layer stack (Sample C) was evaluated by cross-sectional TEM 

using a JEOL 2100 transmission electron microscope. TEM specimen was prepared using mechanical polishing and 

low energy Ar+ ion milling, where the sample stage was cooled by liquid nitrogen to avoid depositing materials 

during milling process. The carrier density of the unintentionally doped Ge layer (n-type) is in the range of 2-4×1018 

cm-3 and it was determined using Hall effect via van der Pauw method.   

 Prior to oxidation, the surface of each heterostructure (Samples A, B, and C) was degreased using acetone, 

isopropanol, and deionized water for about 60 s each. After degreasing, each sample was loaded into thermal 

oxidation furnace for the formation of GeO2, where ultra-high purity oxygen gas was used for oxidation. Different 

oxidation durations were selected, as discussed below, for the formation of GeO2 interface passivation layer. We 

have reported that the Ge4+ peak was predominant on a thermally grown GeOx on (100)Ge surface, resulting in the 

formation of stoichiometric GeO2.33 After the GeO2 formation at different oxidation duration (tGeO2), samples were 

immediately loaded into the Cambridge NanoTech atomic layer deposition (ALD) system for high- dielectric (i.e., 

Al2O3) deposition at 250oC using trimethyl aluminum (TMA) and deionized water for Al and oxygen source, 

respectively, where TMA precursor was kept at room temperature. Approximately, 4 nm to 5 nm thick Al2O3 high-

 gate dielectric was deposited on each sample surface. Each sample was removed from the ALD reactor and MOS 

capacitors were fabricated using 0.8 nm TiN/100 nm Al as gate metal and 0.8 nm TiN/100 nm Al/10 nm Ti/30 nm 

Ni as back contact. Ultra-thin layer of TiN layer was used as an adhesion layer prior to the deposition of Al metals. 



Hudait et al.  June 2023 

9 | P a g e  
 

Metal depositions were performed using a Kurt J. Leskar PVD 250 deposition system. The post deposition metal 

annealing was performed at 250oC for 2 min under forming gas (mixture of 5 % H2: 95 % N2). Multi-frequency C-

V and G-V measurements of the fabricated Ge MOS capacitors were performed as a function of measurement 

temperatures. HP4284A precision LCR meter with frequencies ranging from 100 Hz to 1 MHz and Keithley 

SCS4200 semiconductor parameter analyzer along with ARS Cryo probe station capable of C-V/I-V measurements 

from 4.2 K to 500 K under ultra-high vacuum, were used for MOS capacitor measurements. The series resistance 

removal step as discussed in Ref. [57, 58] was used for C-V analysis. Several important MOS-Cs parameters 

namely, EOT, frequency dispersion (f), and Dit were evaluated as a function of tunable tensile strain in Ge.         

3. RESULTS AND DISCUSSION 

3.1 Strain analysis via x-ray measurement of -Ge (0 %, 0.2 %, 1.2 %). The structural quality, 

relaxation state of the linearly graded InxGa1-xAs metamorphic buffer, and amount of strain present within each Ge 

layer, were evaluated using high-resolution x-ray diffraction measurements. Fig. 2 shows the x-ray rocking curves 

(RCs) from the (004) Bragg lines of epitaxial Ge thin films grown on GaAs and Si substrates (structures shown in 

Fig. 1). The angular separation between the (004) 

diffraction peaks of GaAs and Si resulting from 

the difference in lattice plane spacing, along with 

their diffraction line profiles, provided 

information about the microstructural quality of 

the GaAs films, which in turn affect the quality of 

Ge film in Sample B and Sample C. For the graded 

InxGa1-xAs metamorphic buffer, the x-ray RC 

confirms the gradual change in lattice constant 

from the GaAs buffer (Sample C) to the 

uppermost composition of In0.17Ga0.83As for 1.2 % 

tensile strain in Ge. The -Ge layer thickness was 

 

Fig. 2: Symmetric (004) x-ray rocking curves obtained from the 

layer structure studied in this work. Each layer peak position is 

identified and listed on this figure.    
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limited to 30 nm to prevent the strain relaxation due to lattice mismatch between the constant composition 

In0.17Ga0.83As and the epitaxial -Ge layer. As observed in Fig.2, the location of the epitaxial GaAs peak position 

on Si (Samples B and C) is slightly different than GaAs substrate (see Sample A) and it was due to the thermally 

induced tensile strain, although minimal, in GaAs when grown on Si. The 0.2% strain in Ge is due to the thermal 

mismatch between the GaAs and the Si substrate. The similar strain amount inside the Ge layer grown on Si 

substrate was reported in Ref. [59]. Based on the peak separation of the GaAs buffer layer with respect to the Si 

substrate, the GaAs buffer layer is almost fully relaxed. Fig. 2 also shows the peak position of the Ge layer as lying 

between the AlAs and GaAs layer peaks, which is expected due to the lower lattice constant of Ge than AlAs. The 

peak separation between the AlAs and Ge is narrower for Sample A than Sample B, which is expected since the 

latter was grown on Si substrate. The tensile strain between the Ge and the GaAs substrate or buffer is limited to ~ 

0 % (Sample A) and ~ 0.2 % (Sample B). The peak position of 30 nm thick Ge layer is clearly evident and it is 

located between the GaAs and Si peak positions in Sample C and the tensile strain within the Ge layer is ~1.2 %. If 

there is no tensile strain present within the Ge layer, then the peak position of the Ge layer with respect to the GaAs 

buffer peak position should be similar to Sample A.     

3.2 Thermal mismatch, radius of curvature and film stress (0.2% -Ge). In addition to the 

lattice mismatch between the GaAs buffer layer and Si substrate, thermal mismatch due to the differences in thermal 

expansion coefficients between them is also challenging in monolithic integration of compound semiconductors on 

Si. Here, the thermal expansion coefficient of Si (Si = 2.6×10-6 K-1) compared to GaAs (GaAs = 5.7×10-6 K-1) 

implies that the Si substrate will expand less when heated and contract less when cooled down during the growth 

process of GaAs on Si. This leads to the larger contraction of the GaAs lattice with respect to the Si substrate when 

cooling down from the growth temperature, results in the incorporation of small amount of tensile strain in the GaAs 

layer, supported in Fig. 2 (Sample B). The simplified form of the thermal strain (assuming a constant thermal 

expansion coefficient) is 𝜀𝛼 = Δ𝛼Δ𝑇  and at 300 K, the thermal strain to be ~2×10-3, less than 10% of the lattice 

mismatch strain (~ 4%) of GaAs and Si. However, the thermal strain can become significant at large epitaxial layer 

thicknesses,40 and thinner buffer layer is often considered in order to reduce the thermal mismatch induced strain. 
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It has been reported that if the lattice mismatch strain is compressive (i.e., GaAs or Ge on Si) but the thermal strain 

is tensile (i.e., Ge or GaAs on Si), it is possible to have some strain compensation at 300 K and the resulting film is 

~ 0.2% tensile strain.59 Although, some thermal strain can be relaxed by dislocation glide at growth temperature, 

however, as the temperature decreases, the wafer will experience a thermal stress resulting in a wafer curvature. 

Various techniques such as, selective area epitaxy, growth on patterned/mesa substrates,60-62 have been attempted 

to minimize the effect of epilayer cracking and wafer bowing. In order to address this, we have performed x-ray 

topography measurement on 240 nm Ge/170 nm AlAs/2.2 µm GaAs layer stack on Si substrate (Sample B) at the 

Goldwater Materials Science Facility, Arizona State University, as shown in Fig. 3a. This layer stack consisting of 

the different thermal expansion coefficient materials (i.e., Ge, AlAs, GaAs, and Si) and exhibited no visible thermal 

mismatch induced cracks. This process allows us to synthesize a 1.2% -Ge on Si using GaAs and linearly graded 

InxGa1-xAs buffer architecture (Sample C).    

As the different thermal expansion coefficient materials can produce wafer deformation, we have analyzed the 

x-ray measurements of Sample B. Fig. 3b shows the x-ray RCs of the layer stack as a function of length traverse. 

One can find from this rocking curve that the Ge, AlAs, and GaAs layers peak were clearly visible along with Si 

substrate peak. From this RC, the lattice curvature was measured from the peak shift during x-ray measurement as 

a function of distance and the radius of curvature, R and film stress, f  for Sample B, is given by;63-65 

     𝑅 = 57.295
∆𝑥

∆𝜔
   (m),    (1) 

𝑓 =
𝐸

6(1−𝜈)

𝑡𝑠
2

𝑡𝑓

1

𝑅
 dyn/cm2,   (2) 

where, ∆𝑥 is the length of the traverse, ∆𝜔 is the total deflection in degrees observed over this length, E is the 

Young’s modulus,  is the Poisson’s ratio, ts and tf are the thickness of the substrate and film, respectively. Using 

the value of R of the uncoated Si substrate and epilayer-grown Si substrate (Fig. 3b), a mean radius of curvature, 

Rmean of -60.20 m (tensile) and the resulting estimated film stress f of ~50 MPa were determined on 3” (100)Si 

substrate using the E and  values reported in Refs. [63-65] for (100)Si. The resulting film stress is quite low (e.g., 

0.28 GPa corresponds to 0.2% in-plane strain in Ge59) and this was possible by selecting growth and annealing 
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temperatures during growth, as described above. Hence, the process conditions used in this work enables one to 

achieve the crack-free layer structure for the integration of multilayer materials stack on 6o off-cut (100)Si substrate.  

3.3 Temperature dependent strain relaxation properties of 1.2% -Ge via X-ray and 

Raman analyses. Strain relaxation properties of the 1.2 % -Ge on Si (Sample C) at each annealing temperature 

were measured by collecting the symmetric (004) and asymmetric (115) reciprocal space maps (RSMs) using high-

resolution PANalytical X’pert Pro x-ray diffraction with pixel detector. The 4 pieces of 1.2 % -Ge sample were 

ex-situ annealed under forming gas (5% H2:95% N2) at different temperatures inside a tube furnace starting from 

400oC to 550oC for 10 min in 50oC each step since the growth temperature of the -Ge was at 400oC. The duration 

of this annealing was selected based on the combined duration of GeO2 formation and contact annealing of 

fabricated MOS-C. Each piece of 1.2 % -Ge sample was cooled down to a room temperature after ex-situ annealing, 

and the (004) and (115) RSMs data were recorded by x-ray analysis. Figs. 4 and 5 show symmetric (004) and 

asymmetric (115) RSMs for the structure at 25oC and 550oC annealing temperature, respectively. The (004) and 

 

Fig. 3: X-ray topography of (a) 240 nm Ge/170 nm AlAs layer grown on 3-inch (100)/6o off-cut n-Si substrate with 2.2 µm 

thick GaAs buffer (Sample B), with 5 TCA steps (1-step: 400oC→650oC→400oC) incorporated into the GaAs layer, exhibiting 

no visible thermal mismatch induced cracks. (b) X-ray rocking curves of Ge/AlAs/GaAs/Si (Sample B or 0.2% ε-Ge) as a 

function of length traverse during measurement. The Rmean of -60.20 m and film stress of ~50 MPa were estimated. 
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(115) RSMs at 400oC, 450oC and 500oC are shown in 

Supporting Information S1. Each layer’s reciprocal lattice 

point (RLP) was assigned in Figs. 4 and 5. Here, epilayers 

with different materials involved during epitaxy exhibited 

separate RLPs. One can find that there are four distinct RLP 

maxima corresponding to Si substrate, GaAs buffer, constant 

composition In0.17Ga0.83As,  -Ge and the linearly graded 

InxGa1-xAs metamorphic buffer at each temperature. The 

relaxation of the constant composition In0.17Ga0.83As layer was 

determined to be > 85% with temperature with respect to 

GaAs buffer since it is fully relaxed with respect to Si 

substrate, and higher relaxation number was obtained at 

550oC. Tensile strain amount within the Ge layer is ~1.2  

0.014 %, and this tensile strain amount starts decreasing above 

550oC annealing temperature, where the RLPs separation 

between the -Ge and the GaAs buffer decreases. Calculated 

strain relaxation values of In0.17Ga0.83As layer and amount of 

tensile strain in Ge at each temperature were summarized in 

Table I. The nearly identical strain relaxation values of 

In0.17Ga0.83As layer at different annealing temperature steps 

indicate that the pseudomorphic nature of 1.2% -Ge layer was 

well maintained until 550oC and starts to decrease above 550oC.  

As the industry is adopting high mobility Ge and SiGe 

channel materials,1-21 and the -Ge has recently been 

experimentally reported to increase the carrier mobility than 

 

Fig. 4: Symmetric (004) RSMs of the 1.2% -Ge grown 

on (100)/4o Si substrate (Sample C) at room temperature 

(25oC) and 550oC ex-situ annealing temperature. The 

peak separation of the -Ge layer with respect to GaAs 

buffer at 550oC temperature suggests the similar strain 

value measured at 25oC, indicating the strain relaxation 

properties of this structure keep stable up to 550oC.  
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Fig. 5: Asymmetric (115) RSMs of the 1.2% -Ge 

grown on (100)/4o Si (Sample C) at 25oC and 550oC 

ex-situ annealing temperature. The peak separation of 

the -Ge layer with respect to GaAs buffer at 550oC 

indicate that the strain relaxation properties of this 

structure remain stable up to 550oC.  
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unstrained Ge,30 alternate measurement method to 

independently confirm strain in Ge is important for scientific 

research as well as for technological considerations. The 

strain relaxation values were further substantiated via Raman 

spectroscopy. This measurement technique is extensively 

used by semiconductor industry to measure the strain in 

source and drain of a nanoscale transistor. Figs. 6 shows the 

shift in Raman frequency (Δω) of tensile strained Ge (Sample 

C) with respect to bulk Ge and epitaxial 0.2% -Ge (Sample 

A) before and after annealing at 550oC. Raman frequency 

shift at temperatures 400oC, 450oC and 500oC, are shown in 

Supporting Information S2. Raman measurements were 

performed at different spots of 1.2% -Ge layer. One can find 

from this figure that the tensile strain shifts the longitudinal 

optical (LO) phonon peak position towards the left side of bulk 

Ge or epitaxial Ge peak, where the magnitude and sign of the 

wavenumber shift (negative/tensile or positive/compressive) 

are representative of the type of strain present in the Ge layer. 

Using the relation67 Δω = -bε// cm-1, where ε// is the 

amount of strain present within the Ge layer, Δω is the 

wavenumber shift and b is a material parameter, the 

tensile strain in Ge can be determined at room 

temperature and at 550oC. Using the b value of 41540 

cm-1 for Ge from Ref. [66], the calculated tensile strain 

was ~ 1.16% as a function of annealing temperature, 

 

Fig. 7: Comparison of x-ray and Raman-determined 

strain with annealing temperatures (Sample C).  
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Fig. 6: Raman wavenumber shift due to strain-induced 

modulation of the Ge LO phonon modes of epi-Ge 

(Sample A), bulk Ge, and tensile strained Ge (Sample C): 

as grown and annealed at 550oC.  
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Table I 

Summary of strain relaxation values of In0.17Ga0.83As and 

tensile strain in Ge at annealing temperatures (Sample C). 

Temperature X-ray analysis Raman analysis 

In0.17Ga0.83As 

relaxation 

(%) 

-Ge 

(%) 

-Ge (%)  

25oC 85 1.18 1.16  

400oC 88 1.17 1.17  

450oC 88 1.18 1.15  

500oC 87 1.18 1.17 

550oC 92 1.15 1.12 
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tabulated in Table I. The amount of tensile strain in Ge is slightly decreased at 550oC annealing temperature, 

reinforcing the earlier x-ray analysis. One can find from Fig. 6 that Δω shift at 550oC decreases compared to as-

grown tensile strained Ge. Fig. 7 shows the strain versus annealing temperature of -Ge on Si. It is observed that 

the amount of tensile strain (red) determined from x-ray analysis is in agreement with the tensile strain (green) 

measured from Raman spectroscopy. Thus, temperature dependent x-ray and Raman analysis independently 

confirm the pseudomorphic nature of 1.2% -Ge on Si substrate with graded InxGa1-xAs buffer, annealed up to 

550oC. 

3.4 Heterointerface analysis of 1.2% -Ge on Si via cross-sectional TEM. Cross-sectional TEM 

micrograph of the 1.2% -Ge on Si using graded InxGa1-xAs and GaAs composite buffer is shown in Fig. 8a. The 

starting off-cut (100)Si substrate, combined with a thermal treatment, migration enhanced epitaxy process with 

arsenic pre-layer, two-step growth process4,5,32 were used to create two-atomic layer steps on the Si surface, and 

thereby eliminating/minimizing antiphase domains (APDs). The lattice mismatch induced defects and threading 

dislocations (TDDs) due to the 4 % strain relaxation of the GaAs and Si could not be avoided but could be minimized 

using TCA during the GaAs buffer layer to reduce TDDs.60-62 Figs. 8b-c show the high-resolution cross-sectional 

TEM micrograph (i.e., lattice indexing) at the -Ge/In0.17Ga0.83As heterointerface along with the fast Fourier 

transform (FFT) patterns from the different regions of the heterointerface. Examining the FFT patterns in Fig. 8c, 

one can find that the Ge layer is tensile strained with the constant composition In0.17Ga0.83As buffer layer and the 

lattice constant of Ge is closely matched with the in-plane lattice constant of In0.17Ga0.83As strain template. In 

addition, the FFT pattern suggests lack of considerable relaxation induced misfit dislocations (MDs) by the absence 

of satellite reflections in Fig. 8c. This further confirms the pseudomorphic heterointerface of -Ge/In0.17Ga0.83As, 

which is further reaffirmed by the previous high-resolution x-ray analysis. In addition, the inverse FFT pattern taken 

from the part of the -Ge/In0.17Ga0.83As interface (see green region) where the MDs were observed, as shown in Fig. 

8d. These MDs are linear defects and are considered as an insertion of an extra half-plane of atoms (see pink region). 

This would suggest that some degree of micro-scale lattice mismatch occurred at this interface that resulted in MDs 

formation by strain relaxation. Such MDs are absent within the upper 1.2 % -Ge layer, which will be used for the 
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investigation of MOS-Cs. The estimated defect density in -Ge is ~108 cm-2, based on our recent studies reported 

in Ref. [30].  

3.5 Evolution of ε-Ge (0 %, 0.2 %, 1.2 %) C-V characteristics versus GeO2 passivation: 

Impact on EOT and f. MOS-Cs were fabricated on the Ge/AlAs/GaAs (Sample A) first to develop the process 

conditions prior to the implementation on -Ge. Since the GeO2 IPL layer is required at the interface between Al2O3 

and the Ge layer, different oxidation times varying from 0.25 min to 7.5 min at 550oC (the maximum annealing 

temperature) were carried out. This enables to select the best process conditions, discussed below, on tunable -Ge 

MOS-Cs. Fig. 9 shows the Dit distribution and comparison as a function of energy within the Ge layer with different 

oxidation times of Ge layer (Sample A). The value of Dit was extracted using conductance method as a function of 

measurement temperature (T), and it is expressed as, 57, 58 

Dit = (
𝐺𝑝

𝜔
)

𝑚𝑎𝑥
{𝑓𝐷(𝜎𝑠)𝑞𝐴}−1,     (3) 

where (Gp/ω)max is the maximum parallel conductance Gp normalized by angular frequency ω, q is the charge, fD(σs) 

is the universal function of the standard deviation of band bending σs, and A is the capacitor area. The measurement 

was performed from 80 K-290 K to allow sampling of the Dit distribution at various ranges of the bandgap of Ge 

 

Fig. 8: (a) Cross-sectional TEM micrograph of the 1.2 % -Ge grown on (100)/4o Si substrate using composite graded InxGa1-

xAs/GaAs buffer layer (Sample C). The thickness of each layer is shown in (a). (b) Cross-sectional TEM micrograph of the 

interface of -Ge/In0.17Ga0.83As. The lattice matched defects and dislocations are confined within the graded InxGa1-xAs buffer 

layer. (c) FFT patterns were taken from the different part of the structure and absence of satellite peaks reaffirm the 

pseudomorphic epitaxy. (d) Inverse FFT pattern was taken from the specific region of the -Ge/In0.17Ga0.83As heterointerface, 

showing MDs formation due to some degree of strain relaxation.      
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at different temperatures, where above equation can be applied to show the distribution of Dit as a function of 

energy within the Ge bandgap. fD(σs) is determined by fitting the approximate width of the conductance (Gp/ω) plot 

to established metrics, as discussed in Refs. [57, 58]. The T represents the measurement temperature and various 

lines represent temperature dependent Ge bandgap energy ranges accessible using the conductance (Gp/ω) plot. 

Here, the 5 nm thick ALD Al2O3 was used as a gate dielectric. One can find that the Dit is low at 7.5 min oxidation 

at the cost of EOT (~ 7.6 nm EOT for 7.5 min oxidation time), indicating a trade-off between the lowest Dit and 

the lowest EOT of unstrained Ge MOS-Cs.      

Once we optimized the process conditions on unstrained Ge, MOS-Cs were fabricated on epitaxial 0.2 % -Ge 

(Sample B) and 1.2 % -Ge (Sample C) material stacks, where 4 nm ALD Al2O3 was used as a gate oxide. The 

lower Al2O3 thickness was selected for lower EOT. As high-quality GeO2
25, 32, 33, 47 IPL layer is necessary for 

passivating surface defects of Ge, thermal oxidation of 0.2 %  -Ge and 1.2 % -Ge stack was carried out at 550oC 

(which is the highest oxidation temperature one can select 

in order to prevent the strain relaxation in this work) for 

different oxidation duration. Figs. 10a-d show the C-V 

characteristics of the Ge MOS-Cs of (a) 0.2 % -Ge, where 

GeO2 oxidation was performed only for 0.5 min, and (b)-

(d) 1.2 % -Ge where oxidation duration was varied from 

0.5 min to 2.5 min, respectively. This offers to clarify 

whether the shorter duration (i.e., 0.5 min) of Ge surface 

oxidation is sufficient enough for 1.2 % -Ge to attain good 

quality C-V characteristics. It was observed that 0.5 min GeO2 formation is not enough for 1.2 % -Ge sample (Fig. 

10b) unlike the lower tensile strained 0.2 % -Ge layer (Sample B) (Fig. 10a). Also inferred from Fig. 10b, is higher 

Dit and higher frequency dispersion (Δf). Both samples (A and B) were placed at the same time inside an oxidation 

furnace for 0.5 min GeO2 growth followed by 4 nm Al2O3 deposition and formation of metal contacts. One can find 

a better C-V characteristics from 0.2% -Ge at 0.5 min oxidation duration (Fig. 10a) than from 1.2% -Ge at same 

 

Fig. 9: Dit distribution and comparison as a function of 

energy within the band gap of Ge (Sample A) with 

different oxidation duration. 
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oxidation duration (Fig. 10b). Here, we believe that there is no contact issue affecting the dispersion of the C-V 

characteristics. This implies that the strain field hinders the formation of thicker GeO2 layer on the 1.2 % -Ge 

sample and requires higher oxidation duration or temperature. However, as discussed above, the higher temperature 

beyond 550oC, relaxes the strain in Ge. The Cmax capacitance in the accumulation region is higher in 1.2% -Ge 

than 0.2 % -Ge, as expected if the thickness of the GeO2 layer is thinner than 0.2 % -Ge. In addition, the shorter 

 

Fig. 10: Room temperature C-V characteristics of the (a) 0.2 % Ge MOS-C on Si (Sample B) with 0.5 nm GeO2 interface 

passivating layer (IPL) between 4 nm Al2O3 and Ge layer, (b) 1.2 % Ge with 0.5 nm GeO2 IPL (Sample C), (c) 1.2 % Ge with 

1.0 nm GeO2 IPL (Sample C), and (d) 1.2 % Ge with 2.5 nm GeO2 IPL (Sample C), respectively. In all cases, the GeO2 were 

formed at 550oC annealing temperature inside a tube furnace with ultra-high purity oxygen source.  
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duration was selected initially for lower EOT if one can devise good C-V characteristics from 1.2 % -Ge. At the 

oxidation time of 2.5 min, the 1.2 % -Ge MOS-Cs exhibit low frequency C-V characteristics in the inversion region 

in the frequency ranges from 1 kHz to 1 MHz. This is attributed due to the shorter minority carrier response time 

of strain induced lowered bandgap of Ge, and the minority carriers could respond to high frequency ac signal in the 

inversion region. It has been reported that for low bandgap semiconductors such as InAs67, SiGe52 or unstrained 

Ge32, 33, GeSn50, the C-V curves can gradually change from low frequency behavior (room temperature) to high 

frequency behavior (low temperature).32, 32, 67 This gradual change is indicative of the free movement of Fermi level 

at the high-/semiconductor interface.32, 33, 67 The EOT value is calculated from extracted Cox value obtained using 

the Maserjian et al.68 method. As the oxidation duration of 1.2 % -Ge increases, it is observed that both Dit and f 

decreases. Wherein at 2.5 min oxidation duration, one can observe the minority carrier response at higher frequency 

(i.e., 1 MHz) due to the strain induced reduction of the bandgap50-52, 67 compared to unstrained Ge MOS-Cs.32, 33 

However, one achieves lowest f at the cost of higher EOT. Thus, there is a trade-off between the EOT and the f 

of -Ge as a function of GeO2 growth time.      

To establish a relation between the EOT and f as a function of GeO2 growth time, we have characterized the 

1.2 % -Ge MOS-Cs as a function of GeO2 growth time.  Figs. 11a, b, and c show the C-V characteristics of 

unstrained Ge (Sample A), 0.2% -Ge (Sample B), 1.2 % -Ge (Sample C) MOS-C at 5 min oxidation time at 550oC, 

and EOT/f versus GeO2 growth time, respectively. There is a clear effect of strain on the C-V characteristics of 

tunable tensile strained Ge MOS-C properties. One can find from Fig. 11a and 11b that the accumulation 

capacitance at 750 kHz and 1 MHz is higher than the low frequency capacitance. The high-frequency capacitance 

should show less trap response and consequently have a lower accumulation capacitance. The higher accumulation 

capacitances at both 750 kHz and 1 MHz frequencies are related to contact problem (parasitic contribution from the 

contact reducing the accumulation capacitance value). In addition, it is evident from Fig. 11c that the value of Cmax 

in the accumulation region (positive gate voltage) at 5 min GeO2 growth decreases compared with 2.5 min oxidation 

duration, as shown in Fig. 10d. Comparing the EOT and f as a function of GeO2 growth time, the lowest f is 

achieved at 5 min oxidation time; however, the EOT increases significantly with this oxidation duration, 
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demonstrating proper surface passivation as well as trapped oxide charges, thereby resulting in a decrease in f. 

However, the increasing EOT with increasing oxidation duration is a concern. One can find from Fig. 11d that the 

EOT shows a significant increase beyond an oxidation duration of 2.5 min. Comparing both EOT and f with GeO2 

growth times from Fig. 11d, ~1.5 min would be an optimum GeO2 growth time at 550oC oxidation temperature. 

One can also find from Figs. 10a-d and 11a-c the flat-band voltage of MOS capacitor depends on the tensile strain 

in Ge layer. The flat-band voltage shift with bi-axial strain is related to strain-induced conduction and valence band-

edge shifts and changes in the work function of the semiconductor. 69, 70     

 

Fig. 11: Room temperature C-V characteristics from (a) unstrained n-type Ge (Sample A), (b) 0.2% n-type -Ge (Sample B), 

and (c) 1.2% n-type -Ge (Sample C) MOS capacitors, where 4 nm Al2O3 was used as gate oxide along with 5 min thermal 

oxidation time at 550oC, respectively. (d) EOT and low frequency dispersion, f as a function of GeO2 growth time at 550oC 

oxidation temperature of 1.2% -Ge MOS-C.  
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Table II summarizes the strained Ge MOS capacitors with various gate dielectrics on both compressive and 

tensile strained Ge, reported in the literatures. 3, 5, 31, 36, 37, 50 We found that no strained Ge MOS capacitor structure 

has an intermediate compound semiconductor buffer layer. In addition, an IPL between the high- dielectric and 

the Ge layer in these works were realized via plasma oxidation. Furthermore, the effect of the amount of strain on 

the interfacial layer formation (GeO2) has not been reported yet. This has been explicitly detailed in the present 

work, where the strain field inhibits the formation of GeO2 layer and varying oxidation duration is needed to realize 

Table II 

Comparison of compressive and tensile strained Ge MOS-Capacitors grown on Si substrates. 

MOS-C Structure Gate Stack Strain Cmax  

(µF/cm2) 

Cmin  

(µF/cm2) 

Measurement 

Conditions 

Ref. 

Ge QW  Ge/Si0.3G0.7 2 nm HfO2  

0.6 nm SiO2  

0.6 -1.4 nm Si-cap 

 s-Ge 

c-1.3% ~ 2.15-2.3 ~0.5 f = 1 MHz at 300 K [5] 

p-Ge 

  

Ge/GeSn/Ge 

  

5 nm HfO2  

s-Ge  

t-1.1% ~1.48 ~0.38 f = 1 MHz at 300 K [50] 

t-1.4% ~1.55 ~0.38 

4 nm HfO2  

1 nm Al2O3  

s-Ge 

  

t-1.1% ~1.48 ~0.25 f = 10 kHz at 80 K 

~1.45 ~0.23 f = 100 kHz at 80 K 

~1.25 ~0.125 f = 1 MHz at 80 K 

p-Ge QW  Ge/Si0.3Ge0.7 2.2 nm HfO2  

0.5 nm Al2O3 

GeOx 

s-Ge 

c-1.3% ~2.65 ~0.1 f = 1 MHz [31] 

n-Ge QW Ge/Si0.6Ge0.4 4 nm HfO2 

0.8 nm Si 

s-Ge 

c-2.45% ~1.5 -  f = 10 kHz, 100 

kHz,  

1 MHz 

[3] 

n-Ge   Ge/Si0.56Ge0.44 4 nm HfO2 

GeOx 

s-Ge 

c-2.2% ~2.6 ~0.1 f = 1 MHz  [37] 

n-Ge  

  

Ge/Si0.57Ge0.43 

  

2.2 nm HfO2  

0.2 nm Al2O3  

0.35 nm GeOx 

s-Ge 

  

c-2% 

  

~3.1 ~1.25 f = 5 kHz  [36] 

~3.1 ~1.25 f = 10 kHz  

~3 ~0.75 f = 100 kHz  

~2.9 ~0.45 f = 500 kHz  

~2.9 ~0.4 f = 1 MHz  

n-Ge  

 

Ge/AlAs/GaAs 

  

4 nm Al2O3  

GeO2 

s-Ge 

t-0.2% ~ 1.4 ~ 0.5 f = 1 MHz at 300 K This 

Work 

Ge/In0.17Ga0.83

As/InxGa1-

xAs/GaAs 

4 nm Al2O3  

GeO2 

s-Ge 

t-1.2% ~ 1.35 ~ 0.8 f = 1 MHz at 300 K 
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good C-V characteristics, similar to unstrained Ge layer. Note that these assimilated strained Ge (compressive and 

tensile) MOS capacitors using high- dielectrics do not include any comparison to Ge based planar or 3D (FinFET) 

transistor results. There is a limited information related to C-V characteristics of MOS capacitors from the most up-

to-date strained Ge (compressive and tensile) devices, where the main objective was to demonstrate the fabrication 

and characterization of the transistors.   

3.5 Role of strain (0 %, 0.2 %, 1.2 %) on Dit evaluation 

The conductance method as a function of measurement temperature of Ge MOS-Cs was used to determine and 

compare Dit as a function of amount of strain in Ge. In order to obtain the full distribution of Dit within the bandgap 

of Ge, it is necessary to probe the Ge MOS-Cs over a wide range of measurement temperatures. During the C-V 

measurement of each Ge MOS-C, the conductance was measured as a function of frequency, w and is shown in 

Supporting Information S3. One of the important parameters to assess the quality of the gate oxide/semiconductor 

interface is the Dit. The Dit values were evaluated from these conductance plots as a function of energy within the 

bandgap of Ge. Figs. 12a (0% and 0.2% -Ge) and b (1.2 % -Ge) show the Dit as a function of energy at different 

measurement temperatures. The Dit values are almost similar for the Ge MOS-Cs grown on GaAs (0% strain) and 

on Si (0.2 % strain) (Fig. 12a). A minimum Dit value of 1.36×1011 eV-1cm-2 was determined approximately 0.15 eV 

away from the conduction band edge, Ec for Ge MOS-Cs on Si and the Dit of 2.50×1011 eV-1cm-2 was obtained on 

 

Fig. 12: Dit distribution and comparison as a function of energy within the band gap of Ge: (a) 0% (Sample A) and 0.2 % -Ge 

(Sample B), and (b) 1.2 % -Ge (Sample C).  
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GaAs substrate, as shown in Fig. 12a. Similarly, the Dit 

value of 2.06×1011 eV-1cm-2 was obtained from 1.2 % -

Ge and the false inversion in 1.2 % -Ge above 150 K 

obscures the Gp/w peak at higher temperature than low 

strained or unstrained Ge MOS-Cs. The Dit evaluation 

was possible only at lower temperature for samples with higher strain due to the false inversion of minority carrier 

response. Dit values from this work are comparable to the corresponding values reported in literature of Ge MOS 

devices,32, 33 which suggests both excellent passivation of the Ge surface as well as a defect-minimal Ge epitaxy on 

Si. Table III summarizes Dit versus strain determined from temperature dependent conductance data. 

4. CONCLUSIONS 

Tunable tensile strained epitaxial Ge layers have been monolithically integrated on Si substrates using 

appropriate buffer layers by dual chamber solid source molecular beam epitaxy and their structural and MOS 

capacitor properties were evaluated. Both x-ray analysis and topography measurements were performed to evaluate 

the materials quality, thermal mismatch induced radius of curvature, thermal stress, and thermal crack. At a lower 

thermal stress of ~50 MPa, no visible thermal crack was observed, and it was due to the specific selection of thermal 

cycle annealing temperatures during the growth of GaAs on Si. Temperature dependent strain relaxation properties 

were determined by x-ray and Raman analyses, and it was found that the tensile strain of 1.2% can be preserved 

within the -Ge layer up to 550oC ex-situ annealing temperature, which is essential for the formation of GeO2 IPL 

on Ge layer through thermal oxidation. In addition, cross-sectional transmission electron microscopic study revealed 

the strained heterointerface of  -Ge/In0.17Ga0.83As. The unstrained Ge MOS-Cs with Al2O3/GeO2 gate stack of 

varying oxidation time at 550oC for the formation of GeO2 IPL exhibited an Dit of ~2.5×1011 eV-1cm-2. For the -

Ge layer, the minimum oxidation time of 0.5 min on 1.2% -Ge is inadequate to accomplish a good C-V 

characteristics from 1.2 % -Ge MOS-C, due to the strain field hindering the formation of the GeO2 IPL layer and 

longer oxidation time was needed. In addition, there must a trade-off between the minimum Dit and minimum EOT 

and ~1.5 min of oxidation time is an optimum duration for 1.2% -Ge. Minimum Dit values of 1.36×1011 eV-1cm-2 and 

Table III 

Summary of Dit versus strain determined from 

temperature dependent conductance data. 

Sample Ge strain (%) Dit (cm-2eV-1) 

A 0 2.5 × 1011 

B 0.2 1.36 × 1011 

C 1.2 2.06 × 1011 
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2.06×1011 eV-1cm-2 were determined from 0.2% and 1.2% -Ge MOS-C, respectively. However, false inversion in the 

1.2% -Ge MOS-C due to short minority carrier response time, which could respond to high frequency ac signal as 

well as strained induced lowered bandgap at room temperature obscures actual quantification of the Dit value at 

higher temperature, which is a signature of low bandgap semiconductors. Hence, the tunable tensile strained Ge 

materials’ synthesis with minimal thermal stress, preserving strain within the Ge layer at higher temperature as well 

as analyzing the role of strain and process conditions on -Ge MOS-C properties open an option for the development 

of Ge-based transistors.            

ASSOCIATED CONTENT 

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.xxx/acsaelm.xxxxxxx. 

Temperature dependent x-ray reciprocal space maps of 1.2% -Ge at 400oC, 450oC, and 500oC; temperature 

dependent Raman spectra of 1.2% -Ge at 400oC, 450oC, and 500oC; conductance plots of 1.2% -Ge for 

interface state density extraction (pdf).  

 

CONFLICTS OF INTEREST 

The authors declare no competing financial interest. 

AUTHOR CONTRIBUTIONS 

The manuscript was written through contributions of all authors. All authors have given approval to the final version 

of the manuscript. 

 

AUTHOR INFORMATION 

Corresponding Author 

*Tel: (540) 231-6663. Fax: (540) 231-3362. E-mail: mantu.hudait@vt.edu. 

ACKNOWLEDGEMENTS 

mailto:mantu.hudait@vt.edu


Hudait et al.  June 2023 

25 | P a g e  
 

M. K. H. acknowledges J. -S. Liu for TEM measurement. The authors acknowledge the NCFL - Institute 

for Critical Technology and Applied Science and Virginia Tech Nanofabrication facilities for assistance 

with the materials characterization and MOS-Cs fabrication.  

ORCID 

Mantu K. Hudait: 0000-0002-9789-3081 

Michael B. Clavel: 0000-0002-2925-6099 

Sengunthar Karthikeyan: 0000-0002-6181-5284  

https://orcid.org/0000-0002-9789-3081
https://orcid.org/0000-0002-2925-6099
https://orcid.org/0000-0002-6181-5284


Hudait et al.  June 2023 

26 | P a g e  
 

REFERENCES 

(1) Clavel, M. B.; Liu, J. -S.; Hudait, M. K. Mapping the Interfacial Electronic Structure of Strain-Engineered 

Epitaxial Germanium Grown on InxAl1-xAs Stressors. ACS Omega 2022, 7, 5946-5953. 

(2) Hudait, M. K.; Murphy-Armando, F.; Saladukha, D.; Clavel, M. B.; Goley, P. S.; Maurya, D.; Bhattacharya, 

S.; Ochalski, T. J. Design, Theoretical, and Experimental Investigation of Tensile-Strained Germanium 

Quantum-Well Laser Structure. ACS Appl. Electron. Mater., 2021, 10, 4535-4547. 

(3) Hashemi, P.; Hoyt, J. L. High Hole-Mobility Strained-Ge/Si0.6Ge0.4 P-MOSFETs With High-K/Metal Gate: 

Role of Strained-Si Cap Thickness. IEEE Electron Dev. Lett., 2012, 33, 173-175. 

(4) Clavel, M.; Goley, P.; Jain, N.; Zhu, Y.; Hudait, M. K. Strain-Engineered Biaxial Tensile Epitaxial 

Germanium for High-Performance Ge/InGaAs Tunnel Field-Effect Transistors. IEEE J. Electron Dev. Soc., 

2015, 3, 184-193. 

(5) Pillarisetty, R.; Chu-Kung, B.; Corcoran, S.; Dewey, G.; Kavalieros, J.; Kennel, H.; Kotlyar, R.; Le, V.; 

Lionberger, D.; Metz, M.; Mukherjee, N.; Nah, J.; Rachmady, W.; Radosavljevic, R.; Shah, U.; Taft, S.; 

Then, H.; Zelick, N.; Chau, R. High mobility strained germanium quantum well field effect transistor as 

the p-channel device option for low power (Vcc = 0.5 V) III–V CMOS architecture.  2010 IEEE IEDM Tech. 

Dig., pp. 6.7.1-6.7.4. 

(6)    Joshi, R.; Karthikeyan, S.; Hudait, M. K. Design Considerations and Quantum Confinement effect in 

Monolithic e-Ge/InxGa1-xAs Nanoscale FinFETs Down to N5 Node. IEEE Trans. Electron Dev., 2022, 

69, 6616-6623.  

(7) Kang, Y.; Xu, S.; Han, K.; Kong, E. Y. -J.; Song, Z.; Luo, S.; Kumar, A.; Wang, C.; Fan, W.; Liang, G.; 

Gong, X. Ge0.95Sn0.05 Gate-All-Around p-Channel Metal-Oxide-Semiconductor Field-Effect Transistors 

with Sub-3 nm Nanowire Width. Nano Letters 2021, 21, 5555-5563.  

(8) Hudait, M. K.; Johnston, S. W.; Clavel, M. B.; Bhattacharya, S.; Karthikeyan, S.; Joshi, R. High carrier 

lifetimes in epitaxial germanium-tin/Al(In)As heterostructures with variable tin composition. J. Materials 

Chemistry C 2022, 10, 10530-10540. 

(9) Olorunsola, O.; Said, A.; Ojo, S.; Stanchu, H.; Abernathy, G.; Amoah, S.; Saha, S.; Wangila, E.; Grant, J.; 

Acharya, S.; Miller, L.; Rosler, K.; Jheng, Y. -T.; Chang, G. -E.; Li, B.; Salamo, G.; Yu, S. -Q.; Du, W. 

SiGeSn quantum well for photonics integrated circuits on Si photonics platform: a review. J. Phys. D: Appl. 

Phys., 2022, 55, 443001. 

(10) Mochizuki, S.; Bhuiyan, M.; Zhiu, H.; Zhang, J.; Stuckert, E.; Li, J.; Zhao, K.; Wang, M.; Basker V.; 

Loubet, N.; Guo, D.; Haran, B.; Bu, H. Stacked Gate-All-Around Nanosheet pFET with Highly 

Compressive Strained Si1-xGex Channel. 2020 IEEE IEDM Tech. Dig., pp. 2.3.1-2.3.4. 

https://doi.org/10.1021/acsomega.1c06203
https://doi.org/10.1021/acsomega.1c06203
https://doi.org/10.1021/acsaelm.1c00660
https://doi.org/10.1021/acsaelm.1c00660
https://ieeexplore.ieee.org/document/6118306
https://ieeexplore.ieee.org/document/6118306
https://ieeexplore.ieee.org/document/7017996
https://ieeexplore.ieee.org/document/7017996
https://ieeexplore.ieee.org/document/5703312
https://ieeexplore.ieee.org/document/5703312
https://ieeexplore.ieee.org/document/9927489
https://ieeexplore.ieee.org/document/9927489
https://doi.org/10.1021/acs.nanolett.1c00934
https://doi.org/10.1021/acs.nanolett.1c00934
https://doi.org/10.1039/D2TC00830K
https://doi.org/10.1039/D2TC00830K
https://iopscience.iop.org/article/10.1088/1361-6463/ac8d14
https://doi.org/10.1109/IEDM13553.2020.9372041
https://doi.org/10.1109/IEDM13553.2020.9372041


Hudait et al.  June 2023 

27 | P a g e  
 

(11) Ritzenthaler, R.; Mertens, H.; Eneman, G.; Simoen, E.; Bury, E.; Eyben, P.; Bufler, F. M.; Oniki, Y.; Briggs, 

B.;  Chan, B. T.; Hikavyy, A.; Mannaert, G.; Parvais, B.; Chasin, A.; Mitard, J.; Dentoni Litta, E.; 

Samavedam, S.; Horiguchi, N. Comparison of Electrical Performance of Co-Integrated Forksheets and 

Nanosheets Transistors for the 2 nm Technological Node and Beyond. 2021 IEEE IEDM Tech. Dig., pp. 

26.2.1-26.2.4.  

(12) Ryckaert, J.; Schuddinck, P.; Weckx P.; Bouche G.;Vincent B.; Smith J.;, Sherazi Y.; Mallik A.; Mertens 

H.; Demuynck S.; Huynh Bao T.; Veloso A.; Horiguchi N.; Mocuta A.; Mocuta D.; Boemmels J. The 

Complementary FET (CFET) for CMOS scaling beyond N3. IEEE Symposium on VLSI Technology, 2018, 

pp. 141-142. 

(13) Liu, M.; Junk, Y.; Han, Y.; Yang, D.; Bae, J. H.; Frauenrath, M.; Hartmann, J. -M.; Ikonic, Z.; Bärwolf, F.; 

Mai, A.; Grützmacher, D.; Knoch, J.; Buca, D.; Zhao, Q. -T. Vertical GeSn nanowire MOSFETs for CMOS 

beyond silicon. Commun. Eng., 2023, 2, 1-9. 

(14) Lee, Y. -J.; Luo, G. -L.; Hou, F. -J.; Chen, M. -C.; Yang, C. -C.; Shen, C. -H.; Wu, W. -F.; Shieh, J. -M.; 

Yeh, W. -K. Ge GAA FETs and TMD FinFETs for the Applications Beyond Si–A Review. IEEE J. Electron 

Dev. Soc., 2016, 4, 286-293. 

(15) Sharan, N.; Shaik, K. A.; Jang, D.; Schuddinck, P.; Yakimets, D.; Garcia Bardon, M.; Mitard, J.; Arimura, 

H.; Bufler, F. M.; Eneman, G.; Collaert, N.; Parvais, B.; Spessot, A.; Mocuta, A. Ge Devices: A Potential 

Candidate for Sub-5-nm Nodes? IEEE Trans. Electron Dev., 2019, 66, 4997-5002.  

(16) Ye, P.; Ernst, T.; Khare, M. V. The last silicon transistor: Nanosheet devices could be the final evolutionary 

step for Moore's Law. IEEE Spectrum 2019, 56, 30–35. 

(17) Chu, C. -L.; Luo, G. L.; Wu, K.; Chen, S. H.; Chen, B. Y.; Wu, W. F.; Yeh, W. K. Stacked Ge Nanosheet 

GAAFETs Fabrication and Strain Effects Measurement. VLSI-TSA, 2020, pp. 128-129.  

(18) Yokoyama, M.; Kim, S. H.; Zhang, R.; Taoka, N.; Urabe, Y.; Maeda, T.; Takagi, H.; Yasuda, T.; Yamada, 

H.; Ichikawa, O.; Fukuhara, N.; Hata, M.; Sugiyama, M.; Nakano, Y.; Takenaka, M.; Takagi, S. CMOS 

integration of InGaAs nMOSFETs and Ge pMOSFETs with self-align Ni-based metal S/D using direct 

wafer bonding. 2011 Symposium on VLSI Technology Digest, pp. 60-61.  

(19) Joshi, R.; Karthikeyan, S.; Hudait, M. K. Germanium Nanosheet-FETs Scaled to Sub-nanometer Node 

Utilizing Monolithically Integrated Lattice Matched Ge/AlAs and Strained Ge/InGaAs. IEEE Trans. 

Electron. Dev., 2023, 70, 899-907. 

(20) van Dal, M. J. H.; Vellianitis, G.; Duriez, B.; Doornbos, G.; Hsieh, C. -H.; Lee, B. -H.; Yin, K. -M.; 

Passlack, M.; Diaz, C. H. Germanium p-Channel FinFET Fabricated by Aspect Ratio Trapping. IEEE 

Trans. Electron Dev., 2014, 61, 430-436.  

(21) Goley, P.; Hudait, M. K. Germanium Based Field-Effect Transistors: Challenges and Opportunities. 

Materials 2014, 7, 2301-2339. 

https://doi.org/10.1109/IEDM19574.2021.9720524
https://doi.org/10.1109/IEDM19574.2021.9720524
https://doi.org/10.1109/VLSIT.2018.8510618
https://doi.org/10.1109/VLSIT.2018.8510618
https://doi.org/10.1038/s44172-023-00059-2
https://doi.org/10.1038/s44172-023-00059-2
https://doi.org/10.1109/JEDS.2016.2590580
https://ieeexplore.ieee.org/abstract/document/8868097
https://ieeexplore.ieee.org/abstract/document/8868097
https://ieeexplore.ieee.org/document/8784120
https://ieeexplore.ieee.org/document/8784120
https://ieeexplore.ieee.org/document/9203617
https://ieeexplore.ieee.org/document/9203617
https://ieeexplore.ieee.org/document/5984632
https://ieeexplore.ieee.org/document/5984632
https://ieeexplore.ieee.org/document/5984632
https://ieeexplore.ieee.org/document/10032272
https://ieeexplore.ieee.org/document/10032272
https://ieeexplore.ieee.org/document/6717075
https://www.mdpi.com/1996-1944/7/3/2301


Hudait et al.  June 2023 

28 | P a g e  
 

(22)  Liu, J. -S.; Clavel, M.; Hudait, M. K. Performance Evaluation of Novel Strain Engineered Ge-InGaAs 

Heterojunction Tunnel Field Effect Transistors. IEEE Trans. Electron Dev., 2015, 62, 3223-3228.  

(23) Liu, J. -S.; Clavel, M.; Hudait, M. K. An Energy-Efficient Tensile-Strained Ge/InGaAs TFET 7T SRAM 

Cell Architecture for Ultra-low Voltage Applications. IEEE Trans. Electron Dev., 2017, 64, 2193-2200. 

(24)  Liu, J. Monolithically Integrated Ge-on-Si Active Photonics. Photonics 2014, 1, 162–197. 

(25) Bhattacharya, S.; Johnston, S.; Datta, S.; Hudait, M. K. Interplay Between Strain and Thickness on 

Effective Carrier Lifetime of Buffer Mediated Epitaxial Germanium Probed by Photoconductance Decay 

Technique. ACS Applied Electronic Materials, 2023, pp. 1-8. https://doi.org/10.1021/acsaelm.3c00256 

(26) Nadine Collaert, Microwave Journal. (2020, Jan. 10). Heterogeneous III-V/CMOS Technologies for Beyond 

5G RF Front-end Modules. [Online]. Available: https://www.microwavejournal.com/articles/33299-

heterogeneous-iii-vcmos-technologies-for-beyond-5g-rf-front-end-modules 

(27)  Vardi, A.; Kong, L.; Lu, W.; Cai, X.; Zhao, X., Grajal, J.; del Alamo, J. Self-aligned InGaAs FinFETs with 

5-nm fin-width and 5-nm gate-contact separation" 2017 IEEE IEDM Tech. Dig., pp. 17.6.1-17.6.4. 

(28)      Lu. W.; Lee, Y.; Gertsch, J. C.; Murdzek, J. A.; Cavanagh, A. S.; Kong, L.; del Alamo, J. A.; George, S. 

M. In Situ Thermal Atomic Layer Etching for Sub-5 nm InGaAs Multigate MOSFETs, Nano Lett. 2019, 

19, 5159–5166.  

(29) Levinshtein, M.; Rumyantsev, S.; Shur, M. Semiconductor Parameters., River Edge, New Jersey, World 

Scientific, 1996.    

(30) Clavel, M. B.; Murphy-Armando, F.; Xie, Y.; Henry, K. T.; Kuhn, M.; Bodnar, R. J.; Khodaparast, G. A.; 

Smirnov, D.; Heremans, J. J.; Hudait, M. K. Multi-Valley Electron Conduction at the Indirect-Direct 

Crossover Point in Highly-Strained Germanium. Phys. Rev. Appl., 2022, 18, 064083-1-12. 

(31) Agrawal, A.; Barth, M.; Rayner, G. B.; Arun, V. T.; Eichfeld, C.; Lavallee, G.; Yu, S.-Y.; Sang, X.; 

Brookes, S.; Zheng, Y.; Lee, Y.-J.; Lin, Y.-R.; Wu, C.-H.; Ko, C.-H.; LeBeau, J.; Engel-Herbert, R.; 

Mohney, S. E.; Yeo, Y.-C.; Datta, S. Enhancement mode strained (1.3%) germanium quantum well FinFET 

(WFin=20nm) with high mobility (μHole=700 cm2/Vs), low EOT (∼0.7nm) on bulk silicon substrate. 2014 

IEEE IEDM Tech. Dig., Dec. 2014, pp. 16.4.1-16.4.4.  

(32) Nguyen, P. D.; Clavel, M. B.; Goley, P. S.; Liu, J.-S.; Allen, N. P.; Guido, L. J.; Hudait, M. K. 

Heteroepitaxial Ge MOS Devices on Si Using Composite AlAs/GaAs Buffer. IEEE J. Electron Devices 

Soc., 2015, 3, 341–348. 

(33) Nguyen, P.; Clavel, M. B.; Liu, J. -S.; Hudait, M. K. Investigating FinFET Sidewall Passivation Using 

Epitaxial (100)Ge and (110)Ge Metal-Oxide-Semiconductor Devices on AlAs/GaAs. IEEE Trans. Electron 

Dev., 2017, 64, 4457 – 4465. 

https://ieeexplore.ieee.org/document/7234908
https://ieeexplore.ieee.org/document/7234908
https://ieeexplore.ieee.org/document/7875462
https://ieeexplore.ieee.org/document/7875462
https://doi.org/10.3390/photonics1030162
https://pubs.acs.org/doi/10.1021/acsaelm.3c00256
https://pubs.acs.org/doi/10.1021/acsaelm.3c00256
https://pubs.acs.org/doi/10.1021/acsaelm.3c00256
https://doi.org/10.1021/acsaelm.3c00256
https://www.microwavejournal.com/articles/33299-heterogeneous-iii-vcmos-technologies-for-beyond-5g-rf-front-end-modules
https://www.microwavejournal.com/articles/33299-heterogeneous-iii-vcmos-technologies-for-beyond-5g-rf-front-end-modules
https://ieeexplore.ieee.org/document/8268411
https://ieeexplore.ieee.org/document/8268411
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b01525
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083
https://ieeexplore.ieee.org/document/7047064
https://ieeexplore.ieee.org/document/7047064
https://ieeexplore.ieee.org/abstract/document/7093118
https://ieeexplore.ieee.org/document/8057974
https://ieeexplore.ieee.org/document/8057974


Hudait et al.  June 2023 

29 | P a g e  
 

(34) Xie, Q.; Deng, S.; Schaekers, M.; Lin, D.; Caymax, M.; Delabie, A.; Qu, X. -P.; Jiang, Y. -L.; Deduytsche, 

D.; Detavernier, C. Germanium surface passivation and atomic layer deposition of high-k dielectrics—a 

tutorial review on Ge-based MOS capacitors. Semicond. Sci. Technol., 2012, 27, 1–14. 

(35) Ke, M.; Takenaka, M.; Takagi, S. Slow Trap Properties and Generation in Al2O3/GeOx/Ge MOS Interfaces 

Formed by Plasma Oxidation Process. ACS Appl. Electron Mater., 2019, 1, 311-317. 

(36) Zhang, R.; Chern, W.; Yu, X.; Takenaka, M.; Hoyt, J. L.; Takagi, S. High mobility strained-Ge pMOSFETs 

with 0.7-nm ultrathin EOT using plasma post oxidation HfO2/Al2O3/GeOx gate stacks and strain 

modulation. 2013 IEEE IEDM Tech. Dig., pp. 26.1.1-26.1.4. 

(37) Hashemi, P.; Chern, W.; Lee, H. -S.; Teherani, J. T.; Zhu Y.; Gonsalvez, J.; Shahidi, G. G.; Hoyt, J. L. 

Ultrathin Strained-Ge Channel P-MOSFETs With High-k /Metal Gate and Sub-1-nm Equivalent Oxide 

Thickness. IEEE Electron Dev. Lett., 2012, 33, 943-945.  

(38) Hudait, M. K.; Johnston, S. Probing Crystallographic Orientation-Specific Carrier Lifetimes in Epitaxial 

Ge/AlAs and InGaAs/InP Heterostructures. Mater. Adv., 2022, 3, 5034-5042. 

(39) Hudait, M. K.; Clavel, M.; Goley, P.; Xie, Y.; Heremans, J. J. Magnetotransport Properties of Epitaxial 

Ge/AlAs Heterostructure Integrated on GaAs and Silicon. ACS Appl. Mater. Inter., 2015, 7, 22315-22321. 

(40) Andre, C. L. III-V semiconductors on SiGe substrates for multi-junction photovoltaics. Ph.D. Thesis (The 

Ohio State University, Columbus, OH, December 2004).  

(41) Sheng, J. J.; Leonhardt, D.; Han, S. M.; Johnston, S. W.; Cederberg, J. G.; Carroll, M. S. Empirical 

correlation for minority carrier lifetime to defect density profile in germanium on silicon grown by 

nanoscale interfacial engineering. J. Vac. Sci. Technol. B 2013, 31, 051201. 

(42)  Madhavi, S.; Venkataraman, V.; Xie, Y. H. High room temperature hole mobility in Ge0.7Si0.3/Ge/Ge0.7Si0.3 

modulation-doped heterostructures. J. Appl. Phys., 2001, 89, 2497-2499. 

(43) Irisawa, T.; Miura, H.; Ueno, T.; Shiraki, Y. Channel Width Dependence of Mobility in Ge Channel 

Modulation-doped Structures. Jpn. J. Appl. Phys., 2001, 40, 2694-2696. 

(44) Hudait, M. K.; Clavel, M.; Goley, P.; Jain, N.; Zhu, Y. Heterogeneous Integration of Epitaxial Ge on Si 

using AlAs/GaAs Buffer Architecture: Suitability for Low-power Fin Field-Effect Transistors. Scientific 

Reports, 2014, 4, 6964-6969. 

(45) Arimura, H.; Capogreco, E.; Vohra, A.; Porret, C.; Loo, R.; Rosseel, E.; Hikavyy, A.; Cott, D.; Boccardi, 

G.; Witters, L.; Eneman, G.; Mitard, J.; Collaert, N.; Horiguchi, N. Toward high-performance and reliable 

Ge channel devices for 2 nm node and beyond.  2020 IEEE IEDM Tech. Dig., pp. 2.1.1-2.1.4. 

(46) Toriumi, A.; Nishimura, T. Germanium CMOS potential from material and process perspectives: Be more 

positive about germanium. J. Jour. Appl. Phys., 2018, 57, 010101. 

(47) Wu, H.; Wu, W.; Si, M. Ye, P. D. Demonstration of Ge Nanowire CMOS Devices and Circuits for Ultimate 

Scaling. IEEE Trans. Electron Dev., 2016, 63, 3049-3057. 

https://iopscience.iop.org/article/10.1088/0268-1242/27/7/074012
https://iopscience.iop.org/article/10.1088/0268-1242/27/7/074012
https://doi.org/10.1021/acsaelm.8b00071
https://doi.org/10.1021/acsaelm.8b00071
https://ieeexplore.ieee.org/document/6724694
https://ieeexplore.ieee.org/document/6724694
https://ieeexplore.ieee.org/document/6724694
https://ieeexplore.ieee.org/document/6204315
https://ieeexplore.ieee.org/document/6204315
https://doi.org/10.1039/D2MA00260D
https://doi.org/10.1039/D2MA00260D
https://doi.org/10.1021/acsami.5b05814
https://doi.org/10.1021/acsami.5b05814
https://etd.ohiolink.edu/apexprod/rws_olink/r/1501/10?clear=10&p10_accession_num=osu1100290985
https://pubs.aip.org/avs/jvb/article/31/5/051201/467693/Empirical-correlation-for-minority-carrier
https://pubs.aip.org/avs/jvb/article/31/5/051201/467693/Empirical-correlation-for-minority-carrier
https://pubs.aip.org/avs/jvb/article/31/5/051201/467693/Empirical-correlation-for-minority-carrier
https://pubs.aip.org/aip/jap/article/89/4/2497/487027/High-room-temperature-hole-mobility-in-Ge0-7Si0-3
https://pubs.aip.org/aip/jap/article/89/4/2497/487027/High-room-temperature-hole-mobility-in-Ge0-7Si0-3
https://iopscience.iop.org/article/10.1143/JJAP.40.2694
https://iopscience.iop.org/article/10.1143/JJAP.40.2694
https://www.nature.com/articles/srep06964
https://www.nature.com/articles/srep06964
https://doi.org/10.1109/IEDM13553.2020.9372007
https://doi.org/10.1109/IEDM13553.2020.9372007
https://iopscience.iop.org/article/10.7567/JJAP.57.010101
https://iopscience.iop.org/article/10.7567/JJAP.57.010101
https://doi.org/10.1109/TED.2016.2581862
https://doi.org/10.1109/TED.2016.2581862


Hudait et al.  June 2023 

30 | P a g e  
 

(48) Weckx, P.; Ryckaert, J.; Dentoni Litta, E.; Yakimets, D.; Matagne, P.; Schuddinck, P.; Jang, D.; Chehab, 

B.; Baert, R.; Gupta, M.; Oniki, Y.; Ragnarsson, L.-A.; Horiguchi, N.; Spessot, A.; Verkest, D. Novel 

forksheet device architecture as ultimate logic scaling device towards 2 nm. 2019 IEEE IEDM Tech. Dig., 

pp. 36.5.1-36.5.4. 

(49) Weckx, P.; Ryckaert, J.; Putcha, V.; De Keersgieter, A.; Boemmels, J.; Schuddinck, P.; D. Jang, D.; 

Yakimets, D.;  Bardon, M. G.; Ragnarsson, L. -Å.; Raghavan, P.; Kim, R. R.; Spessot, A.; Verkest, D.; 

Mocuta, A. Stacked nanosheet fork architecture for SRAM design and device co-optimization toward 3 nm. 

2017 IEEE IEDM Tech. Dig., pp. 20.5.1-20.5.4.  

(50) Wirths, S.; Stange, D.; Pampillón, M. -A.; Tiedemann, A. T.; Mussler, G.; Fox, A.; Breuer, U.; Baert, B.; 

San Andrés, E.; Nguyen, N. D.; Hartmann, J. -M.; Ikonic, Z.; Mantl, S.; Buca, D. High-k Gate Stacks on 

Low Bandgap Tensile Strained Ge and GeSn Alloys for Field-Effect Transistors. ACS Appl. Mater. Inter., 

2015, 7, 62–67. 

(51) Martens, K.; Chui, C. O.; Brammertz, G.; Jaeger, B. D.; Kuzum, D.; Meuris, M.; Heyns, M. M.; 

Krishnamohan, T.; Saraswat, K.; Maes, H. E.; Groeseneken, G. On the Correct Extraction of Interface Trap 

Density of MOS Devices With High-Mobility Semiconductor Substrates. IEEE Trans. Electron. Dev., 

2008, 55, 547-556.  

(52) Wan, H. -W.; Cheng, Y. -T.; Cheng, C. -K.; Hong, Y. -J.; Chu, T. -Y.; Chang, M. -T.; Hsu, C. -H.; Kwo, J.; 

Hong, M. High-Ge-Content Si1–xGex Gate Stacks with Low-Temperature Deposited Ultrathin Epitaxial Si: 

Growth, Structures, Low Interfacial Traps, and Reliability. ACS Appl. Electron. Mater., 2022, 4, 

2641−2647. 

(53) Nakakita, Y.; Nakakne, R.; Sasada, T.; Takenaka, M.; Takagi, S. Interface-Controlled Self-Align 

Source/Drain Ge p-Channel Metal–Oxide–Semiconductor Field-Effect Transistors Fabricated Using 

Thermally Oxidized GeO2 Interfacial Layers. Jpn. J. Appl. Phys., 2011, 50, 010109. 

(54) Sieg, R. M.; Ringel, S. A.; Ting, S. M.; Fitzgerald, E. A.; Sacks, R. N. Anti-phase domain-free growth of 

GaAs on offcut (001) Ge wafers by molecular beam epitaxy with suppressed Ge outdiffusion. J. Electron. 

Mater.,1998, 27, 900-907.  

(55) M. K. Hudait and S. B. Krupanidhi, “Self-Annihilation of Antiphase Boundaries in GaAs Epilayers on Ge 

Substrates Grown by Metal-Organic Vapor-Phase Epitaxy”, J. Appl. Phys., 89, 5972-5979 (2001). 

(56) Chia; C. K.; Dong, J. R.; Chi, D. Z.; Sridhara, A.; Wong, A. S. W.; Suryana, M.; Dalapati, G. K.; Chua, S. 

J.; Lee, S. J. Effects of AlAs interfacial layer on material and optical properties of GaAs∕Ge(100) 

 Epitaxy. Appl. Phys. Lett., 2008, 92, 141905.  

(57)   Nicollian E. H.; Brews, J. R. MOS Physics and Technology, Hoboken, New Jersey: Wiley, 2003. 

(58) Brews, J. R. Rapid interface parametrization using a single MOS conductance curve. Solid State Electron., 

1983, 26, 711–716. 

https://doi.org/10.1109/IEDM19573.2019.8993635
https://doi.org/10.1109/IEDM19573.2019.8993635
https://doi.org/10.1109/IEDM.2017.8268430
https://pubs.acs.org/doi/10.1021/am5075248
https://pubs.acs.org/doi/10.1021/am5075248
https://ieeexplore.ieee.org/document/4436002
https://ieeexplore.ieee.org/document/4436002
https://pubs.acs.org/doi/10.1021/acsaelm.2c00062
https://pubs.acs.org/doi/10.1021/acsaelm.2c00062
https://iopscience.iop.org/article/10.1143/JJAP.50.010109
https://iopscience.iop.org/article/10.1143/JJAP.50.010109
https://iopscience.iop.org/article/10.1143/JJAP.50.010109
https://link.springer.com/article/10.1007/s11664-998-0116-1
https://link.springer.com/article/10.1007/s11664-998-0116-1
https://pubs.aip.org/aip/jap/article/89/11/5972/488294/Self-annihilation-of-antiphase-boundaries-in-GaAs
https://pubs.aip.org/aip/jap/article/89/11/5972/488294/Self-annihilation-of-antiphase-boundaries-in-GaAs
https://pubs.aip.org/aip/apl/article-abstract/92/14/141905/166145/Effects-of-AlAs-interfacial-layer-on-material-and?redirectedFrom=fulltext
https://pubs.aip.org/aip/apl/article-abstract/92/14/141905/166145/Effects-of-AlAs-interfacial-layer-on-material-and?redirectedFrom=fulltext
https://www.wiley.com/en-us/MOS+(Metal+Oxide+Semiconductor)+Physics+and+Technology-p-9780471430797
https://www.sciencedirect.com/science/article/pii/0038110183900308


Hudait et al.  June 2023 

31 | P a g e  
 

(59) Liu, J.; Cannon, D. D.; Wada, K.; Ishikawa, Y.; Jongthammanurak, S.; Danielson, D. T.; Michel, J.; 

Kimerling, L. C. Silicidation-induced band gap shrinkage in Ge epitaxial films on Si. Appl. Phys. Lett., 

2004, 84, 660-662.  

(60) Yamaguchi, M. Dislocation density reduction in heteroepitaxial III-V compound films on Si substrates for 

optical devices. J. Materials Research, 1991, 6, 376-384. 

(61) Fischer, R.; Neuman, D.; Zabel, H.; Morkoç, H.; Choi, C.; Otsuka, N. Dislocation reduction in epitaxial 

GaAs on Si(100). Appl. Phys. Lett., 1986, 48, 1223-1225.  

(62)  Fang, S. F.; Adomi; K.; Iyer; S.; Morkoç; H.;Zabel; H.; Choi; C.; Otsuka, N. Gallium arsenide and other 

compound semiconductors on silicon. J. Appl. Phys., 1990, 68, R31-R58. 

(63) Brantley, W. A. Calculated elastic constants for stress problems associated with semiconductor devices. J. 

Appl. Phys., 1973, 44, 534.  

(64) Hayafuji, N.; Kizuki, H.; Miyashita, M.; Kadoiwa, K.; Nishimura, T.; Ogasawara, N.; Kumabe, H.; 

Murotani, T.; Tada, A. Crack Propagation and Mechanical Fracture in GaAs-on-Si. Jpn. J. Appl. Phys., 

1991, 30, 459-463. 

(65) Segmüller, A.; Angilelo, J.; La Placa, S. J. Automatic x‐ray diffraction measurement of the lattice curvature 

of substrate wafers for the determination of linear strain patterns. J. Appl. Phys., 1980, 51, 6224-6230. 

(66) Bai, Y.; Lee, K. E.; Cheng, C.; Lee, M. L.; Fitzgerald, E. A. Growth of highly tensile-strained Ge on relaxed 

InxGa1−xAs by metal-organic chemical vapor deposition. J. Appl. Phys., 2008, 104, 084518. 

(67) Trinh, H. D.; Brammertz, G.; Chang, E. Y.; Kuo, C. I.; Lu, C. Y.; Lin, Y. C.; Nguyen, H. Q.; Wong, Y. Y.; 

Tran, B. T.; Kakushima, K.; Iwai, H. Electrical Characterization of Al2O3/n-InAs Metal–Oxide–

Semiconductor Capacitors With Various Surface Treatments. IEEE Electron. Dev. Lett., 2011, 32, 752-

754. 

(68) Maserjian, J.; Peterson, G.; Svensson, C. Saturation capacitance of thin oxide MOS structures and the 

effective surface density of states of silicon. Solid-State Electron., 1974, 17, 335-339.  

(69) Peng, C. -Y.; Yang, Y. -J.; Fu, Y. -C.; Huang, C. -F.; Chang, S. -T.; Liu, C. W. Effects of Applied 

Mechanical Uniaxial and Biaxial Tensile Strain on the Flatband Voltage of (001), (110), and (111) Metal–

Oxide–Silicon Capacitors. IEEE Trans. Electron Dev., 2009, 56, 1736-1745. 

(70) Lim, J. -S.; Thompson, S. E.; Fossum, J. G. Comparison of threshold-voltage shifts for uniaxial and biaxial 

tensile-stressed n-MOSFETs. IEEE Electron Dev. Lett., 2004, 25, 731-733. 

 

 

 

 

 

 

  

https://aip.scitation.org/doi/abs/10.1063/1.1644618
https://link.springer.com/article/10.1557/JMR.1991.0376
https://link.springer.com/article/10.1557/JMR.1991.0376
https://aip.scitation.org/doi/10.1063/1.96988
https://aip.scitation.org/doi/10.1063/1.96988
https://pubs.aip.org/aip/jap/article-abstract/68/7/R31/20694/Gallium-arsenide-and-other-compound-semiconductors?redirectedFrom=fulltext
https://pubs.aip.org/aip/jap/article-abstract/68/7/R31/20694/Gallium-arsenide-and-other-compound-semiconductors?redirectedFrom=fulltext
https://aip.scitation.org/doi/10.1063/1.1661935
https://iopscience.iop.org/article/10.1143/JJAP.30.459/meta
https://aip.scitation.org/doi/abs/10.1063/1.327606
https://aip.scitation.org/doi/abs/10.1063/1.327606
https://aip.scitation.org/doi/full/10.1063/1.3005886
https://aip.scitation.org/doi/full/10.1063/1.3005886
https://ieeexplore.ieee.org/document/5756453
https://ieeexplore.ieee.org/document/5756453
https://www.sciencedirect.com/science/article/pii/0038110174901257
https://www.sciencedirect.com/science/article/pii/0038110174901257
https://ieeexplore.ieee.org/abstract/document/5109748/citations#citations
https://ieeexplore.ieee.org/abstract/document/5109748/citations#citations
https://ieeexplore.ieee.org/abstract/document/5109748/citations#citations
https://ieeexplore.ieee.org/document/1347210
https://ieeexplore.ieee.org/document/1347210


Hudait et al.  June 2023 

32 | P a g e  
 

Graphic for Manuscript 

 

 

 

-1 0 1 2

0.3

0.4

0.5

0.6

GeO2 / Al2O3

TGeO2
 = 550°C

tGeO2
 = 5.0 minC

a
p

a
c
it
a
n

c
e
 (

m
F

 c
m

-2
)

Gate Voltage (V)

1000 Hz

1 MHz

Minority Carrier

Response

-1 0 1 2

0.3

0.4

0.5

0.6

C
a

p
a

c
it
a

n
c
e

 (
m
F

 c
m

-2
)

Gate Voltage (V)

100 Hz

1 MHz

Minority Carrier

    Response

GeO2 / Al2O3

TGeO2
 = 550°C

tGeO2
 = 5.0 min

-2 -1 0 1 2

0.3

0.4

0.5

0.6

C
a

p
a

c
it
a

n
c
e

 (
m
F

 c
m

-2
)

Gate Voltage (V)

100 Hz

1 MHz

Minority Carrier

    Response

GeO2 / Al2O3

TGeO2
 = 550°C

tGeO2
 = 5.0 min

0 1 2 3 4 5 6
0

2

4

6

8

10

0.0

0.5

1.0

1.5

2.0

2.5

3.0

GeO2 Growth Time (minutes)

 EOT

E
O

T
 (

n
m

)

TGeO2
 = 550°C

 f


f 

(p
c
n
t.
/d

e
c
.)

0 % -Ge

1.2 % -Ge 1.2 % -Ge

0.2 % -Ge


