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ABSTRACT: Germanium (Ge) and its heterostructures with compound semiconductors offer a unique 

optoelectronic functionality due to its pseudo-bandgap nature, that can be transformed to a direct bandgap material 

by providing strain and/or mixing with tin. Moreover, two crystal surfaces, (100)Ge and (110)Ge, that are 

technologically important for ultra-low power fin or nanosheet transistors, could offer unprecedented properties 

with reduced surface defects after passivating these surfaces by atomic layer deposited (ALD) dielectrics. In this 

work, the crystallographically oriented epitaxial Ge/AlAs heterostructures were grown and passivated with ALD 

Al2O3 dielectrics, and the microwave photoconductive decay (µ-PCD) technique was employed to evaluate carrier 

lifetimes at room temperature. The x-ray photoelectron spectroscopy analysis reveals no role of orientation effect 

to the quality of ALD Al2O3 dielectric on oriented Ge layers. The carrier lifetimes measured using µ-PCD technique 

were benchmarked against unpassivated Ge/AlAs heterostructures. Excitation wavelength of 1500 nm and 1800 nm 

with an estimated injection level of ~ 1013 cm-3 were selected to measure the orientation-specific carrier lifetimes. 

The carrier lifetime was increased from 390 ns to 565 ns for (100)Ge and from 260 ns to 440 ns for (110)Ge 
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orientations with passivation, whereas the carrier lifetime is almost unchanged for (111)Ge after passivation. This 

behavior indicates a strong dependence of the measured lifetime on surface orientation and surface passivation. The 

observed increase (>1.5 ×) in lifetime with Al2O3 passivated (100)Ge and (110)Ge surfaces is due to the lower 

surface recombination velocity compared to unpassivated Ge/AlAs heterostructures. The enhancement of carrier 

lifetime from passivated Ge/AlAs heterostructures with (100) Ge and (110)Ge surface orientations, offer a path for 

the development of nanoscale transistors due to the reduced interface state density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KEYWORDS: Germanium, Al2O3, Molecular Beam Epitaxy, X-ray Photoelectron Spectroscopy, Lifetime, 
atomic layer deposition  



3 | P a g e  
 

1. INTRODUCTION 

Group-IV materials (i.e., Ge, GeSn, SiGeSn, SiGe) exhibit a potential application in line with quantum science 

and technology, due to their unique spintronic and optoelectronic functionalities valuable for qubits.1-15 By 

exploiting strain and bandgap engineering of these materials via intelligent buffer engineering1-4 and precise control 

of tin (Sn) composition in GeSn or SiGeSn during materials synthesis,8,9,11-13, 15 it will offer widespread applications 

in Si-compatible photonics and quantum technology, provided that one could synthesize device-quality group-IV 

materials. In addition, downscaling of silicon (Si) transistors was possible by changing the device geometry from 

planar to fin field effect transistors (FinFETs). Researchers are now looking into gate-all-around nanosheet FETs 

(NSFETs) 16-22 and high-mobility Ge channel material, to maintain transistor ON current, while reducing supply 

voltage and footprint. 16-22 In the former, crystallographic planes of (100)Si and (110)Si along with HfO2-based 

high-κ gate dielectrics were used for high-performance, low-power Si CMOS logic down to N3 technology node,20, 

21 enabling increased integration of complex functionality on a single die. The integration of high-κ gate dielectrics 

such as HfO2, Al2O3 on (100) and (110) crystal planes should not produce defects due to the effect of process 

temperature during deposition, rather only passivating the surface states and eliminate the interdiffusion of high-κ 

dielectric and channel materials.23, 24 Using these technologically important crystal planes, (100) and (110), from 

high electron and hole mobility Ge channel materials compared with Si25 along with high-κ dielectric, one could 

make FinFET26, 27 or gate-all-around (GAA) NSFET16-23 for high density and ultra-low power CMOS. However, 

the interfacial defects at the high-κ (e.g., HfO2) and Ge channel material would require an interface passivation 

layer (IPL) to control the interface state density (Dit).26, 27 In-situ ultra-thin SiO2 passivation layer from tris(tert-

butoxy)silanol (Si(OH)(OC-(CH3)3)3) precursor during atomic layer deposited (ALD) gate dielectric28 or by Si IPL 

layer and/or GeOx via thermal oxidation or by ozone oxidation was prescribed as IPL layer formation strategies for 

subsequent Al2O3 and composite Al2O3/HfO2 dielectrics deposition.26-44 In either case, the main objective was to 

reduce the Dit at the high-κ/Ge heterointerface. Over the last two decades, surface recombination velocities (SRV) 

 1 cm/s were reported for Si45-48 and ultra-low SRV values were  made possible by superior surface passivation 

with low Dit 109-1012 eV-1cm-2.29-44 The extensive research on the surface passivation of Si with low Dit over the 
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decades has been transferred to p-Ge and n-Ge by several researchers.45-47 Noticeably, Berghuis et al.39 have studied 

the surface passivation of bulk-Ge using a combination of plasma enhanced ALD (PEALD) and thermal ALD a-

Si:H/Al2O3 as well as PEALD Al2O3 stack and achieved SRV as low as 2.7 cm/s. The Dit 1×1012 eV-1cm-2 was 

determined from capacitance-voltage measurements of PEALD Al2O3/Ge metal-oxide-semiconductor capacitor.  In 

addition, the relationship between SRV and carrier lifetime ( 𝜏௘௙௙ሻ is given by, 
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where, 𝜏஻ is the bulk lifetime, d is the thickness of the layer of interest, and S is the SRV. Thus, high carrier lifetime 

characterizes reduced loss of accumulated/inverted carriers due to recombination at the high-/Ge heterointerface, 

which is essential during the fabrication of a NSFET either from Si 

or Ge or GeSn. In this NSFET structure, high-κ dielectric by ALD 

is required to form a conformal growth along the four sides of a 

nanosheet transistor, 16-22 where the two (100) and two (110) crystal 

planes form a NSFET similar to two (110) and one (100) crystal 

plane form a trigate/FinFET device,26, 27 and Fig. 1 shows the 

schematic representation of a Ge FinFET structure on GaAs or Si 

substrate. During the ALD deposited gate dielectric, such as Al2O3 

on these crystal planes, one must maintain the low Dit 29-31 by 

decreasing reduced surface states and probing each passivated 

Al2O3/(100)Ge and Al2O3/(110)Ge heterointerface recombination properties related to the carrier lifetime, would 

offer valuable information to the scientific community as well as an impactful technological contribution. The 

carrier lifetime is widely acknowledged as an important  parameter used in the evaluation of material and interface 

quality due to its sensitivity to defects, where ALD deposited high-κ dielectrics is considered to be a potential 

solution for reducing those surface defects by passivating the surface states of a semiconductor.29-44 Indeed, several 

studies related to bulk Ge or Ge on Si surface passivation by ALD Al2O3, reported an improvement in the carrier 

lifetime by ~ 1.8 × over unpassivated Ge38, 39, 49 at room temperature. This suggests that the surface passivation of 

 
Figure 1. Schematic representation of Ge FinFET 

structure on GaAs or Si substrate with an

intermediate AlAs buffer layer, where (100)Ge

and (110)Ge crystal planes were used to form

FinFET device structure.  
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oriented Ge by ALD Al2O3 dielectric, and probing the carrier lifetime of Ge surfaces would provide information 

related to SRV and Dit for forward looking research on Ge or GeSn based transistors.   

The man-made (100) and (110) or naturally occurring crystal surfaces can exhibit different electronic and 

photonic properties49-58 with different carrier lifetime on those surfaces. The carrier recombination properties from 

the crystallographically oriented (100)Ge, (110)Ge, (111)Ge were demonstrated,50, 53, 55 where the (111)Ge surface 

exhibited low carrier lifetime compared to other orientations. It was believed to be the defect states within the bulk 

responsible for the low carrier lifetime for (111)Ge plane. In addition, it was also not clear whether the surface 

states or metallic nature of this crystal plane is responsible for the low carrier lifetime from this study.50 However, 

the different surface trap states were reported within the Si52 and Ge53-55 semiconductors, and the density of the 

surface states (NSS) in Ge related to its crystallographic orientations, varies as 𝑁ௌௌ〈111〉 ൏ 𝑁ௌௌ〈110〉 ൏ 𝑁ௌௌ〈100〉.
53, 

55 However, the (111)Ge surface exhibited high electrical conductivity leading to short carrier lifetime compared to 

other orientations.53-55  If the (111)Ge surface is passivated with ALD Al2O3, where  trimethylaluminum (TMA, 

Al(CH3)3) was used as the metal precursor, then the carrier lifetime should improve from the passivated 

Al2O3/(111)Ge heterostructure along with other orientations. Hence, this will shed more light on the orientation-

specific carrier lifetimes of Al2O3 passivated different crystal planes of Ge layers.      

In this work, we have measured the carrier lifetimes from Al2O3 passivated epitaxial (100)Ge, (110)Ge, and 

(111)Ge layers, and the measured results were compared with unpassivated (as-grown) crystallographically oriented 

Ge layers. These Ge layers were grown on different oriented GaAs substrates to create an orientation-specific 

epitaxial layer by solid source molecular beam epitaxy (MBE). An approximately 10 nm thick ALD Al2O3 layer 

was deposited on 3 different oriented Ge layers in order to observe the effect of surface passivation by TMA and 

de-ionized water (DI H2O) as oxygen source. Selected epitaxial layers with and without Al2O3 were characterized 

by x-ray photoelectron spectroscopy (XPS) to determine the depth profile of each element and the binding energy 

distribution curves of their core level (CL) states. Finally, the carrier lifetime of unpassivated (i.e., without Al2O3) 

and Al2O3 passivated (100)Ge, (110)Ge, and (111)Ge epitaxial layers were probed by microwave photoconductive 

decay (µ-PCD) method at two different excitation wavelengths, 1500 nm and 1800 nm. The µ-PCD data displays 

carrier lifetimes of 65 ns to 540 ns for orientation-specific Ge layer, indicating a strong dependence on surface 
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orientation and surface passivation. Thus, the orientation-specific carrier lifetime in Al2O3 passivated Ge layers 

would have a prospect for future development of Ge-based nanosheet transistors20, 21 and nanoscale fin transistors.20, 

26, 27  

2. EXPERIMENTAL SECTION 

2.1. Materials synthesis. Crystallographically oriented (100)Ge, (110)Ge, and (111)Ge layers were grown in-

situ using dual chamber (one for group III-V and another for group-IV semiconductors) vacuum interconnected 

MBE system on AXT Inc made epi-ready 2o offcut (100)GaAs, (110)GaAs and (111)A GaAs substrate, 

respectively. An in-situ reflection high energy electron diffraction system attached to the group III-V growth 

chamber was used to monitor each GaAs substrate oxide desorption, surface reconstruction of GaAs and AlAs 

layers as well as the entire growth process. Arsenic valved cracker source for As2 flux and SUMO effusion cells 

for Ga, Ge, and 60 cc capacity of Al cells were used for growing layered structures. The arsenic bulk and cracker 

temperatures were kept at ~340oC and 900oC, respectively, in order to maintain the over pressure of As2/Ga or 

As2/Al ratio > 22. Each GaAs substrate oxide desorption was performed at ~750oC under As2 over pressure of ~10-

5 torr. The temperature referred to here is the thermocouple temperature. After the oxide desorption of each GaAs 

wafer, the substrate temperature was reduced to 650oC for (100)GaAs, 600oC for (110)GaAs, and 550oC (111)GaAs 

for 250 nm thick GaAs layer growth and at a growth rate of 0.5 µm/hr. The growth temperature for the (100)GaAs 

is higher than other crystallographic orientations due to the surface adatom mobility.59 After each GaAs layer 

growth, an ~200 nm thick AlAs layer was grown on each oriented GaAs substrate at ~670oC. Upon completion of 

the AlAs/GaAs growth within the group III-V chamber, each sample was cooled down below 200oC under As2 flux 

before being transferred to the group-IV chamber for Ge layer growth. The growth temperature was kept constant 

at 400oC for each Ge layer growth and the thickness of each Ge layer was ~280-290 nm, and the growth rate of Ge 

was ~ 0.1 Å/s. The 400oC growth temperature of Ge was selected in order to prevent the indiffusion of Ge into AlAs 

and outdiffusion of Al and As into Ge film. This process demonstrated a 6 Å abruptness at the Ge/AlAs 

heterointerface by atom probe tomography.60 After the Ge layer growth, each sample was slowly cooled to < 100oC 

to avoid thermal cracking and kept inside the ultra-vacuum (~2×10-10 torr) buffer chamber. Further details of the 
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growth process have been reported earlier.59 The carrier density of the unintentionally doped Ge layer (n-type) is in 

the range of 2-4×1018 cm-3, reported earlier.61 

A Cambridge NanoTech ALD reactor was used for the deposition of ~10 nm Al2O3 on each crystallographically 

oriented Ge layer using TMA and DI H2O as the oxygen source, and a growth temperature of 250oC. All three 

oriented Ge layers were placed at the same time inside the ALD reactor for Al2O3 deposition. The Al precursor was 

kept at room temperature and the entire line (exit port of Al precursor to entry port of reactor) was heated to a 

temperature of ~ 150oC to prevent deposition inside the tube. Prior to loading into the ALD reactor for Al2O3 

deposition, each sample surface was treated with a standard solvent cleaning using acetone, isopropanol, and de-

ionized water, followed by a 60 s native oxide removal in a pre-mixed 10:1 buffered oxide (HF) etchant solution. 

Once the sample was loaded into the ALD reactor, the system was pumped down and purged with ultra-high pure 

nitrogen prior to the deposition of Al2O3. Each TMA pulse of 0.020 sec duration, which is ~1 Å/s growth rate was 

used for the deposition of 10 nm thick Al2O3 layer.         

2.2. Materials analysis. Characterization of the crystallographic orientation of (100)Ge, (110)Ge and (111) Ge 

epitaxial layers was carried out using high-resolution x-ray analysis using a PANalytical X’pert Pro system 

equipped with PIXcel and proportional detectors, and a monochromatic Cu Kα (λ =1.540597 Å) X-ray source. The 

orientation of each Ge layer was identified by selecting the GaAs Bragg angle of reflection () and the tilt (Chi) of 

each sample during measurement. The “Chi” in PANalytical X’pert Pro system denotes the angle between the 

surface plane of the sample and the crystallographic reflection plane under observation {here, (004)}. When 

identifying orientation, the angles between the crystallographic planes in the cubic Ge crystal structure are 

important. For example, the angle between (100) and (110) plane is 45o, and (100) and (111) is 54.7o. During x-ray 

measurement setup, the parameter “Chi” in PANalytical X’pert Pro instrument (diffractometer setting) was set for 

the samples a1 {(100)/2˚Ge}, b1 {(110)Ge}, and c1 {(111)Ge} as 2.16˚, 44.94˚, and 54.73˚ respectively, which is 

in agreement with the theoretical values. Under these conditions, the GaAs substrate  = 33.028o is almost matched 

for all orientations and each oriented Ge layer was identified by x-ray analysis. Detailed x-ray analysis of these 

structures were reported in earlier publication.59 Cross-sectional transmission electron microscopy (TEM) analyses 



8 | P a g e  
 

of metal/Al2O3/(100)Ge and metal/Al2O3/(110)Ge samples were performed where metal was deposited for MOS 

capacitor studies. TEM analysis was not carried out on (111)Ge orientation due to the low carrier lifetime even after 

passivation, discussed below. However, the carrier lifetimes were determined from a separate set of samples, where 

metal contact was not deposited on top of Al2O3 gate oxide of each oriented sample, and this set of samples was 

used for XPS analysis at the research facilities of CSIR-North East Institute of Science and Technology, India. The 

JEOL 2100 transmission electron microscope was used for TEM analysis. Standard sample preparation techniques, 

i.e., mounting, polishing, and ion milling, were used to prepare electron transparent foil for TEM imaging. XPS 

Microprobe equipped with a monochromatic Al-Kα x-ray source (beam energy of 1486.7 eV) was used in the 

investigations (ESCALAB Xi+, Thermo Fisher, UK). Samples were mounted on a plane surface where the angle 

between the x-ray source and the analyzer is 90o. The photoelectron exit angle during measurement was 24o. In 

order to neutralize the positive charge accumulation, especially on the oxide surface (this is a necessary requirement 

for an insulator with no conducting path while recording the XPS spectra) due to photoelectron generation (electron 

loss) during measurement, a low-energy electron flood gun was used throughout the measurement. The C 1s CL 

binding energy located at 284.8 eV correction was not made since relative intensity of each atomic species as a 

function of depth was given priority over the carbon correction of each peak position. Furthermore, the core level 

aluminum (Al 2p), germanium (Ge 3d, Ge 2p), gallium (Ga 3d), arsenic (As 3d), and oxygen (O 1s) spectra were 

recorded during the measurement for each crystallographic orientation. Raman spectra were collected in the (001) 

backscattering geometry using a JY Horiba LabRam HR800 system with spectra collected from crystallographically 

oriented Ge layers as well as from bulk Ge (control sample). The excitation wavelength of 514.48 nm (green) was 

provided by a Laser Physics Ar+ laser and gratings with 1800 lines/mm were used during measurement. The laser 

power at the sample surface was ~7 mW.  Spectra for all the epitaxial Ge layers and the bulk Ge were collected at 

the same time.  

The microwave photoconductive decay (µ-PCD) method62 at the National Renewable Energy Laboratory 

(NREL) was used to determine the carrier lifetime of ALD Al2O3 passivated and unpassivated oriented Ge layers. 

Laser excitation wavelengths of 1500 nm (0.83 eV) and 1800 nm (0.69 eV) at 20 mW laser power (measured by a 

power meter) were used to change the sample conductivity due to the excess carriers generated by laser excitation 
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as monitored via the microwave power reflected from each sample surface. The laser excitation was provided from 

the top on each sample surface (i.e., Ge) that faces up during measurement. Each sample with dimensions of ~ 10 

mm  10 mm was placed directly under a waveguide (WR42 for 20 GHz, dimension of ~ 4.3 mm 10.7 mm). 

The microwave signal fills the waveguide during each measurement. The laser pulse repetition rate was 10 

pulses/sec with 5 ns pulse width and the laser beam spot was 20 mm in diameter. A glass slide with transparent 

conductive oxide was placed on top of the waveguide such that microwave power would reflect downward instead 

of radiating out from the top. A balsa wood sample stage was used during sample loading and unloading in each 

measurement. Using the above measurement parameters, the injection level of carriers was ~ 1013 cm-3 without 

considering the surface reflection and wavelength dependent absorption. The µ-PCD lifetimes were quantified for 

each oriented sample, corresponding to ~3 ns after the optical excitation pulse was ended. The curve fittings were 

performed using Origin 2022b software to determine the µ-PCD lifetimes. The details of this measurement 

technique can be found in Ref. [62]. 

3. RESULTS AND DISCUSSION 

3.1. Heterointerface analysis via XPS. Epitaxial Ge 

layers with different crystallographic orientations, 

shown in Figs. 2a1, b1, and c1, were grown on AXT 

Inc produced oriented GaAs substrates with an 

intermediate AlAs buffer layer using a vacuum 

interconnected, dual chamber (one for group III-V and 

another one for group-IV materials) Veeco Gen-II 

MBE growth system. The AlAs layer in each system 

was used to suppress or block interdiffusion of atomic 

species As, Ge, and Ga.63 After the deposition of Al2O3 

high- dielectric on (100)Ge, (110)Ge, and (111)Ge 

layers, the atomic depth profiling was carried out with 

Figure 2. Schematic representation of layer structures: (a1-c1)

-unpassivated samples and (a2-c2) - Al2O3 passivated samples,

where (a1) (100)Ge on AlAs/GaAs; (b1) (110)Ge on

AlAs/GaAs; (c1) (111)Ge on AlAs/GaAs; (a2) 10 nm

Al2O3/(100)Ge;  (b2) 10 nm Al2O3/(110)Ge; and (c2) 10 nm 

Al2O3/(111)Ge.  
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(100)/2o GaAs substrate
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AlAs 200 nm

Al2O3 10 nm
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samples (a2–c2) and  samples (a1–c1) having no  dielectric on top of each Ge layer by ex-situ XPS technique using 

Axis Ultra DLD x-ray photoelectron spectrometer in order to reveal the structure and chemical states of constituent 

elements as well as the distribution of atomic composition and impact of dielectrics on each oriented Ge (Fig. 3). 

Ex-situ XPS measurements were carried out to evaluate the atomic distribution of elements within each structure. 

The Ar+ ion gun (energy ~ 1 kV) within the XPS chamber was used to sputter three crystallographically oriented 

Ge samples (a1-c1). Fig. 3 shows the XPS depth profiles of Ge, Al, Ga and As in each structure. In all cases, oxygen 

O 1s and carbon C 1s CL peaks from the surface of each structure were sputter-eliminated, where one can find the 

Ge atomic level is slightly lower than 100%. The depth scale was calibrated using the thickness of Ge and AlAs 

layers by cross-sectional TEM analysis with an estimated error of ~10%. In all cases, a constant Ge, Al, Ga, and As 

depth profile within each layer was observed, indicating good uniformity. Within the sputter-induced artifacts, 

varying escape depth of each element and XPS artifact due to the change of matrix element (Ge, Al, Ga, and As) 

transient effect, the depth profiles displayed smooth Ge/AlAs/GaAs heterointerfaces, studied in this work.  

3.2. Heterointerface analysis via cross-sectional TEM. Cross-sectional TEM analyses were performed on selected 

samples to corroborate the XPS depth profile analysis of Fig. 3, above. Fig. 4 shows the TEM micrographs of Al2O3 

on (100)Ge and (110)Ge oriented layers, where each layer is clearly shown in this figure. The apparent bending at 

the oxide/(100)Ge heterointerface in Fig. 4(a) corresponds to the measurement artifact induced during the 

preparation of TEM specimen. The sharp heterointerface of Ge/AlAs and abrupt heterointerface of oxide on 

(110)Ge was observed from Fig. 4(a)-(b) and (c), respectively. One can also find uniform thickness of Al2O3 on Ge 

Figure 3. XPS depth profiles of Ge 3d, Al 2p, Ga 3d, and As 3d as a function of depth for three oriented Ge layers: (sample 

a1) (100)Ge, (sample b1) (110)Ge and (sample c1) (111)Ge. 
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layer by atomic layer deposition, which will passivate the surface defects or surface states on each Ge layer by 

improving the carrier lifetime measured by µ-PCD, discussed later.            

3.3. Al2O3/(100)Ge, (110)Ge, and (111)Ge sputter depth-dependent analysis via XPS. Fig. 5 displays the peak 

evolution of Al 2p and O 1s CLs as a function of sputter depth obtained from the Al2O3 passivated (100)Ge, (110)Ge, 

Figure 5: Sputter depth-dependent analysis of Al 2p and O1s core level spectra obtained from Al2O3 passivated (100)Ge, (110Ge, and 
(111)Ge (samples a2, b2, and c2) layers.   
 

Figure 4. Cross-sectional TEM micrographs of atomic layer deposited Al2O3 on (a) (100)Ge, (b) (110)Ge and (c) high-

resolution heterointerface of oxide and (110)Ge. Metals contact were deposited on samples for MOS-C studies. 
 

10 nm10 nm200 nm200 nm
200 nm200 nm (a) (b) (c)
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and (111)Ge layers. The depth dependent analysis of Ge 3d and Ge 2p CL spectra obtained from Al2O3 passivated 

(100)Ge and expanded view from 700 to 1000 sec, shown in Fig. 6. Fig. 7 shows the sputter depth-dependent analysis 

of Ge 3d and Ge 2p core level spectra obtained from Al2O3 passivated (110Ge and (111)Ge (samples b2 and c2) layers. 

These CL spectra were collected during XPS measurements using Ar+ ion gun sputtering, with 25 sec periodicity 

for (100)Ge, and 50 sec for both (110)Ge and (111)Ge, respectively, as a function of time. We can demarcate that 

at the sputtered time of ~ 800 sec, the Al 2p and O 1s CL peak intensity level decreases and the Ge 3d CL peak 

intensity increases with sputtering time, as expected. As the escape depth of the Ge within Al2O3 is ~ 1.8 nm,64 one 

can start observing the Ge peak prior to the decay of the Al 2p and O 1s CL spectra, as shown in Fig. 5. Due to this, 

 

Figure 6: Sputter depth-dependent analysis of Ge 3d and Ge 2p core level spectra obtained from Al2O3 passivated (100)Ge 

(samples a2) layer and expanded view from 700 to 1000 sec. 
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the exact position of Al2O3/Ge heterointerface from the sputter depth spectra cannot be ascertained with high 

precision. In addition, there is no apparent distinction of these peaks from three oriented Al2O3/Ge layers. Fig. 8 

shows the XPS depth profiles of Al 2p, O 1s, and Ge 3d peaks as a function of depth and these peak positions were 

obtained from Fig. 5. The elemental composition of the ~10 nm Al2O3 dielectric can be obtained from the ratio of 

atomic percentage of O to Al: [O/A] = 1.53 ± 0.05 eV, indicating good quality of the Al2O3 dielectric by ALD on 

three oriented Ge layers. Differences in the composition ratio of O 1s to Al 2p are not observed in Fig. 8, indicating 

there is no role of orientation effect to the Al2O3 dielectrics.                       

The ALD deposited Al2O3/Ge interface is of high quality and formed without any unintended stoichiometric or 

sub-stoichiometric GeOx formation (Fig. 5). There is no observed chemical shift in the Ge 3d, Ge 2p3/2 or Ge 2p1/2 

 

Figure 7: Sputter depth-dependent analysis of Ge 3d and Ge 2p core level spectra obtained from Al2O3 passivated (110Ge 

and (111)Ge (samples b2 and c2) layers. 

20242832364044

10

20

30

0

200
400
600
800
1000
1200
1400
1600

In
te

ns
ity

 
(x

 1
04  

co
un

ts
/s

)

Sp
utt

er 
Tim

e (
s)

Binding Energy (eV)

Ge 3d(110)Ge

120012201240126012801300

60

120

180

240

0

200
400
600
800
1000
1200
1400
1600

In
te

ns
ity

 
(x

 1
04  

co
un

ts
/s

)

Sp
utt

er 
Tim

e (
s)

Binding Energy (eV)

Ge 2p(110)Ge

Ge 2p1/2 Ge 2p3/2

20242832364044

20

40

0

200

400

600
800
1000
1200
1400
1600

In
te

ns
ity

 
(x

 1
04  

co
un

ts
/s

)

Sp
utt

er 
Tim

e (
s)

Binding Energy (eV)

(111)Ge Ge 3d

120012201240126012801300

60
120
180
240

0

200

400

600
800
1000
1200
1400
1600

In
te

ns
ity

 
(x

 1
04  

co
un

ts
/s

)

Sp
utt

er 
Tim

e (
s)

Binding Energy (eV)

(111)Ge Ge 2p

Ge 2p3/2Ge 2p1/2



14 | P a g e  
 

CL binding energy peaks. Absence of chemically 

shifted peaks in the neighborhood of Ge 3d and Ge 2p 

binding energy ranges show that within this periodic 

sputtering of 25 secs, neither Ge 3d nor Ge 2p CL 

states were oxidized to any stoichiometric or sub-

stoichiometric GeOx. In the case of GeOx formation, 

one should detect multiple peaks on the higher 

binding energy region (>1249 eV for Ge 2p1/2) of each 

Ge CL peak. Their absence supports the good quality 

of the Al2O3/Ge heterointerface,65 as per the current 

ALD deposition needs, beginning with the emergence 

of the Ge CL peaks as we sputter down from the Al2O3 dielectric to reach to the Ge epilayer. The smaller humps 

(around 1234.8 eV and 1265.8 eV) on higher binding energy side of Ge 2p3/2 and Ge 2p1/2, respectively, are the 

energy loss lines with spin orbit splitting difference of ~ 31 eV. Also, the earlier emergence of the Ge 3d CL peak 

(around 400 sec) compared to both Ge 2p3/2 and Ge 2p1/2 peaks (around 650 sec) with sputter duration indicates the 

deeper CL and stronger binding energy distribution nature of Ge 2p CL compared to Ge 3d CL (that has higher 

mean escape depth than Ge 2p). These passivated Al2O3/Ge structures were further evaluated by µ-PCD to 

determine the carrier lifetimes to study their effects on oriented Ge, as discussed later.    

3.4. Ge vibrational properties via Raman spectroscopy. Raman spectroscopy analysis of semiconductor materials 

widely used by the semiconductor industry to determine the strain and compositional analysis of SiGe source-drain 

for several decades. In this work, Raman backscattering analyses were performed on crystallographically oriented 

unpassivated Ge layers. Fig. 9 shows the normalized Raman spectra obtained from the epitaxial (100)Ge, (110)Ge 

and (111)Ge layers, depicted in Fig. 1 (a1-c1) along with the bulk (100)Ge substrate. The bulk Ge longitudinal 

optical (LO) phonon peak mode was measured at o ~ 300.21 cm-1, and any peak shift with respect to this position 

is considered a strain induced peak shift, where the shift in peak position towards the left is considered to be results 

of tensile strain and shifts to the right as compressive strain. Since each Ge layer was grown on lattice matched 

 
Figure 8: XPS depth profiles of 10 nm thick ALD Al2O3 on 

crystallographically oriented (100)Ge, (110)Ge and (111)Ge

layers (samples a2, b2, and c2). 
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AlAs buffer layer, no larger (for tensile) 

or smaller (for compressive) lattice 

constant stressor was used in these 

structures, the minute shift in the peak 

position with respect to o would be due 

to several factors: thickness of each 

sample, type of phonon peaks, surface 

density of atoms for different 

crystallographically oriented planes, bond 

strength of atoms on each surface, 

crystalline homogeneity of each film, 

phononic vibration of atoms from each 

crystal plane perpendicular to the surface, 

etc. The full width at half maximum (FWHM) of each Ge layer was evaluated and it was found to be 3.66 cm-1, 

4.20 cm-1 and 4.79 cm-1 for (100)Ge, (110)Ge and (111)Ge, respectively. The FWHM for the bulk Ge (control 

sample) is 3.26 cm-1. By comparing FWHMs of all epitaxial Ge layers and bulk Ge, one can find that epitaxial 

(100)Ge is superior compared to the (111)Ge layer since it has a narrower FWHM, closer to the bulk Ge. This can 

be further corroborated by carrier recombination dynamics via µ-PCD technique.          

3.5. Carrier recombination dynamics of oriented Al2O3/Ge heterostructures via µ-PCD. Over the years, carrier 

lifetimes from semiconductors and their heterostructures62, 66-69 with (passivated surface) and without passivated 

surface were estimated to correlate the interface state density with bulk recombination dynamics.69 The carrier 

lifetime is strongly dependent on the abundance of defects and dislocations present within the materials. Different 

carrier lifetime measurement techniques, such as time resolved photoluminescence spectroscopy, ns-PCD, µ-PCD, 

quasi-steady-state PCD to name a few were developed by several researchers over the years.62, 66-69 In addition, the 

carrier lifetime was calculated from the current-voltage characteristics of a Ge pn junction diode.49 Furthermore, 

the carrier lifetime has a strong surface orientation dependence of elementary and binary semiconductors.50-55 Here, 

 

Figure 9. Raman spectra collected from a (100)Ge substrate and 

crystallographically oriented Ge layers. There is a minute shift of the phonon

mode of the oriented Ge layers with respect to the bulk (100)Ge, could be due

to the bond strength and surface density of atoms.  
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the carrier recombination properties in each Al2O3/(100)Ge, Al2O3/(110)Ge, and Al2O3/(111)Ge heterostructure, 

were probed at room temperature using µ-PCD method at NREL, shown in Fig. 10. The two excitation wavelengths 

of 1500 nm (0.83 eV) and 1800 nm (0.69 eV) with large differences in absorption coefficients (4.7 ×103 cm-1 vs. 9 

cm-1) were selected for both the L and -valley absorption at 1500 nm and only L-valley absorption at 1800 nm. 

Fig. 11 shows the schematic representation of the electronic band structure of Ge (0.2% strained) at 0 K (adopted 

from Ref. [2]) to showcase the selection of the laser excitation during measurement. We assume that the penetration 

depth at this 1500 nm wavelength is larger than the thickness (280 nm or 290 nm) of Ge layer.  

Fig. 10(a) exhibited two-time scale windows, highlighted by the two shaded areas denoting I and II: initial fast 

decay and steady state decay for carrier recombination. The initial decay process (region I) is due to the excess 

photogenerated carrier recombination at the surface, and this surface recombination was minimized by depositing 

ALD Al2O3 layer on each Ge sample than sample without Al2O3. After surface recombination, photogenerated 

carriers would diffuse into the bulk of each Ge layer. Excess carriers will recombine quickly for unpassivated Ge 

Figure 10. (a) µ-PCD data at 300 K obtained from the crystallographically oriented epitaxial (100)Ge, (110)Ge, (111)Ge layers

with (passivated, P: samples a2, b2, c2) and without Al2O3 (unpassivated, UP: samples a1, b1, c1) on top grown on respective 

GaAs substrates with intermediate AlAs buffer layer, wherein the excitation at a 1500 nm wavelength (0.83 eV) was applied 

from the front side of each heterostructure and the laser power was 20 mW. The figure also shows the fits to the data (Cyan) for 

each µ-PCD signal, wherein the effective carrier lifetime was determined. (b) µ-PCD signal obtained from these heterostructures

at 1800 nm (0.69 eV). The measured data has been offset for clarity. The measured lifetime obtained from (111)Ge with or

without passivated is way lower than (100)Ge or (110)Ge orientations, indicating either bulk trap states or metallic nature of

the (111)Ge layer [54].  
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layer due to higher SRV than passivated sample, leading to faster µ-

PCD signal decay. This recombination decay is sharper in 

unpassivated sample than passivated sample, which is expected (see 

slope of fittings, Cyan color) since the carrier recombination would be 

higher for unpassivated samples. After the initial decay by surface 

recombination, photogenerated carriers could start to diffuse into the 

bulk of the Ge layer, however, the rate of diffusion would be 

significantly lowered for passivated samples except from (111)Ge. 

The slower time scale (i.e., steady state decay within the bulk of each 

Ge layer) can be correlated to the bulk lifetime of carriers via 

Shockley-Read-Hall (SRH) recombination, which is associated to 

carriers trapping on impurities or defect levels within the bulk of each 

Ge layer. By fitting the measured μ-PCD signal to the mathematical 

formalism, governed by single exponential function 𝑉௉஼஽ ൌ

𝐵. 𝑒𝑥𝑝 ቀെ
௧

ఛು಴ವ
ቁ, shown in the second shaded area (II) for each heterostructure (Cyan color), the µ-PCD lifetimes (

PCD ) were determined from each oriented Ge layer with Al2O3 passivation (P) and unpassivation (UP), t is the 

time, where B is a pre-exponential constant. Beyond this region II, there is almost no change in µ-PCD signal with 

time, and this is referred to the deep into the bulk of semiconductor. The probed carrier lifetime was improved from 

390 ns to 565 ns for (100)Ge (improvement ~1.5 ×) and 260 ns to 440 ns for (110)Ge (~1.7 ×) orientations but 

almost unchanged for (111)Ge after passivation (80 ns vs. 65 ns). The wavelength dependent and orientation specific 

carrier lifetimes along with least square fittings (R2) value is tabulated in Table I. The carrier lifetime from 

passivated and unpassivated Ge layers were also evaluated at 1800 nm within short fitting ranges and poorer R2 

values (R2 value close to 1 indicates a good fit).  

 
Figure 11. Schematic representation of the 

electronic band structure of Ge (0.2% 

strained) at 0 K (adopted from Ref. [2]. At 

1500 nm laser excitation, the carriers will 

redistribute both L and -valleys and at 

1800 nm, limited to L-valley absorption, 

which is very small (~ 9 cm-1) compared to 

1500 nm (absorption coefficient ~ 4.7×103 

cm-1).  
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The measured carrier lifetimes of passivated samples (see Table I) were significantly improved over 

unpassivated samples except for (111)Ge orientation. This implies that the surface recombination velocity stays 

higher for (111)Ge even after passivation by ALD Al2O3. In addition, the (111)Ge could be metallic in nature, as 

inferred by Tan et al.54 for bulk (111)Ge, and no matter one could do the surface passivation of epitaxial (111)Ge, 

the carrier lifetime would not be improved. Furthermore, the µ-PCD decay signal is oscillating, and this oscillation 

could be an artifact of the electronics and cables when connected during measurement that induces impedance 

mismatch. However, the two technologically important surfaces, (100)Ge and(110)Ge, exhibited high carrier 

lifetime after Al2O3 passivation. The µ-PCD signal at 1800 nm wavelength, shown in Fig. 10(b), quickly drops and 

the evaluated carrier lifetime for passivated (110)Ge and (100)Ge was 215 ns and 233 ns, respectively, which is 

almost 50% lower than carrier lifetime measured at 1500 nm wavelength. In addition, the R2 and fitting ranges for 

determination of carrier lifetimes were reduced. The low carrier lifetime is due to the lower absorption coefficient 

at 1800 nm than 1500 nm, which means that direct bandgap nature of Ge via strain engineering or incorporation of 

Sn into Ge is needed for improving carrier absorption.  

3.6. Lifetime, SRV, and Dit correlation. The surface passivation of Ge by dielectrics such as GeO2, Al2O3, a-

Si:H/Al2O3, HfO2, etc. can reduce surface recombination by a reduction in Dit and the presence of field-effect 

passivation.48 Berghuis et al39 used a thin layer of plasma enhanced chemical vapor deposited a-Si:H for chemical 

passivation and PEALD or thermal ALD Al2O3 for field-effect passivation, and demonstrated low SRV of ~2.7 

cm/s. In addition, the SRV can be reduced by increasing the thickness of the dielectric layer or an improved field-

effect passivation. Here, the surface passivation essentially reduces the surface recombination rate of electrons and 

holes at the Al2O3/Ge heterointerface, and allows more injected carriers to travel through the 280-290 nm thick Ge 

Table I. Information on the crystallographically oriented Ge layers and their carrier lifetime.  
 

Sample 
Label 

Orientation Passivated 
with Al2O3 

Lifetime at 1500 nm 
excitation 

Lifetime at 1800 nm 
excitation 

SRV  
(cm/s)  

Dit  
(eV-1cm-2) 

Ref.  

Lifetime 
(ns) 

R2 Lifetime 
(ns) 

R2 

a1 (100) Ge No 390 0.97953 130 0.96691 316 - 70 
a2 Al2O3/(100) Ge Yes 565 0.94547 215 0.98074 100 8.8×1011 30, 39 
b1 (110) Ge No 260 0.98481 - - - -  
b2 Al2O3/(110) Ge Yes 440 0.98226 233 0.9448 - 1.2×1012 30 
c1 (111) Ge No 81 0.97815 47 0.9616 - -  
c2 Al2O3/(111) Ge Yes 65 0.97555 90 0.94997 - -  
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layer. The reduced recombination at the Al2O3/Ge heterointerface is due to minimizing both SRV and Dit that 

increases the carrier lifetime by diffusing the carriers deep inside the Ge layer. Note that the SRV is a function of 

injection level of the carriers and here the SRV is applicable to 1013 cm-3 injection level.  

We had estimated the Dit from 6.4 nm Al2O3/2 nm GeOx composite gate oxide on (100)Ge/AlAs and 

(110)Ge/AlAs MOS-Cs as a function of process conditions.30 The fabricated devices exhibit excellent electrical 

characteristics with low Dit on both (100)Ge and (110)Ge surfaces.30, 31 Due to the different surface reconstruction 

of (100)Ge and (110)Ge surface,59 and oxide compositions (GeO2 vs Ge2O3
-),30 the Dit levels are slightly different 

between these orientations. Table I shows the measured carrier lifetime, SRV from the literature of unpassivated 

Ge42, 70 and Al2O3 passivated Ge39 along with the value of Dit.30 One can find that the carrier lifetime of Al2O3 

passivated (100)Ge and (110)Ge surfaces are 565 ns at Dit of  8.8×1011 eV-1cm-2 and 440 ns at Dit of  1.2×1012 

eV-1cm-2, respectively.30 The SRV values are 316 cm/s70 and 100 cm/s39 for (100)Ge surfaces without and with 

Al2O3 passivation, respectively. So, the enhancement of carrier lifetime with Al2O3 passivation is mainly due to the 

reduction of Dit compared to unpassivated surfaces of (100)Ge and (110)Ge. On the other hand, the carrier lifetime 

is almost identical (within the fitting ranges and R2 value) for unpassivated and passivated (111)Ge surfaces.          

3. CONCLUSIONS 

Here, crystallographically oriented Ge/AlAs heterostructures were synthesized using solid source molecular 

beam epitaxy. The core level spectra of atomic species as a function of depth were measured by x-ray photoelectron 

spectroscopy, revealing no role of orientation effect to the Al2O3 dielectric on Ge layers. The charge carrier 

recombination dynamics of the surface passivated Ge/AlAs heterostructures with atomic layer deposited Al2O3 were 

investigated by microwave photoconductive decay method. The measured carrier lifetimes from passivated 

Ge/AlAs heterostructures were benchmarked against unpassivated Ge/AlAs heterostructures at an excitation 

wavelength of 1500 nm with an injection level of ~ 1013 cm-3. The carrier lifetimes were significantly improved 

over unpassivated layers except for (111)Ge orientation. The µ-PCD lifetime was enhanced from 390 ns to 565 ns 

for (100)Ge (1.5 ×) and 260 ns to 440 ns for (110)Ge (1.7 ×) orientations using Al2O3 passivation except for (111)Ge 

after passivation,  showing a strong dependence on surface orientation and passivation due to the lower SRV. High 
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electrical conductivity of the (111)Ge surface is responsible for low carrier lifetime. Therefore, the enhancement of 

carrier lifetime of passivated (100)Ge and (110)Ge surfaces due to lower interface defects offers a path for the 

development of ultra-low power nanoscale transistors. 
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