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Abstract

:

Fermi level pinning at metal/semiconductor interfaces forbids a total control over the Schottky barrier height. 2D materials may be an interesting route to circumvent this problem. As they weakly interact with their substrate through Van der Waals forces, deposition of 2D materials avoids the formation of the large density of state at the semiconductor interface often responsible for Fermi level pinning. Here, we demonstrate the possibility to alleviate Fermi-level pinning and reduce the Schottky barrier height by the association of surface passivation of germanium with the deposition of 2D graphene.
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1. Introduction


Combinations of two-dimensional materials and bulk three-dimensional semiconductors have gained considerable attention lately, owing to potential new device concepts. Most studies focused on the properties of graphene/silicon (G/Si) Schottky junctions [1]. Many different new functionalities were observed such as bias-controlled Schottky barrier height [2,3] (SBH), photodetectors [4,5,6,7,8,9] or solar cells [10,11,12]. When covered with a metal, Metal/G/Si can be used as an efficient spin injector [13,14] or a low-resistance contact [15,16]. The reduction of the Si SBH is made possible by simultaneous etching of the silicon oxide and hydrogen passivation of the surface with graphene already on top [17]. In that case, the hydrogen passivation of Si is protected during metallization. This results in alleviation of the Fermi-level (FL) pinning and a low SBH. It is, therefore, possible to strongly reduce the SBH and associated contact resistance on moderately doped Si without any thermal treatment, or heavy doping at the interface.



Because of similar FL pinning issues, it is very challenging to realize low-resistance contacts to n-type Ge. Reduction of the SBH is particularly important for the realization of ohmic contacts or for impedance matching for spin injection [18,19]. In order to alleviate the FL pinning, different strategies such as Ge surface passivation through wet chemicals [20,21] or deposition of a thin insulator layer on Ge surfaces have been employed [22,23,24,25,26,27].



The aim of this work is to obtain a low SBH for electrons in graphene/Ge junctions using a similar strategy as for graphene/Si junctions: to associate graphene with surface passivation of the semiconductor in order to alleviate FL pinning and reduce the SBH. For that purpose, we used X-ray Photoemission Spectroscopy (XPS) to study the interface between physico-chemistry and band alignments of graphene/germanium contacts and to show the possibility to modify the SBH via wet chemical passivation of the underlying germanium. We then observed the effect of the modification of the graphene work function by gold deposition on the SBH of the junction.




2. Materials and Methods


Intrinsic Ge (001) samples were degreased in ethanol for 30 min, then successively dipped in a dilute HCl bath (HCl:H2O, 1:4) for 30 s and a H2O2 bath (H2O2:H2O, 1:10) for 60 s, three times each. The surface oxide was then etched one last time in HCl followed by a final oxidizing step in NH4OH:H2O2:H2O (1:2:10). For the realization of graphene/germanium contacts, monolayer CVD-graphene grown on Cu was purchased from Graphenea®. A 200 nm polymethyl methacrylate (PMMA) layer was spin-coated on top of the G/Cu to serve as a mechanical support layer during transfer. The Cu was then etched in a FeCl3 solution until no Cu could be seen and the floating PMMA/G was rinsed in several water and diluted HCl baths in order to eliminate metallic residues. After rinsing, the PMMA/G was transferred onto the Ge wafer and left to dry overnight. After transfer and drying, the PMMA resist was cleaned in acetone and the sample was introduced under ultra-high vacuum (UHV) with a base pressure of 10−10 Torr for a 3 h annealing at 300 °C in order to remove resist residues. After annealing, the sample was taken out of UHV for a wet passivation step either in HF (10%) for 10 min for hydrogen passivation (hereafter named Ge:H) or in dilute 7.5% HCl for 30 s for Cl passivation (hereafter named Ge:Cl).



We used X-ray photoemission spectroscopy (XPS) to study the physico-chemistry of the G/Ge contacts with different Ge surface treatments before and after gold deposition. Measurements were realized at normal emission and room temperature using a MgKα (1253.6 eV) X-ray source. The kinetic energy of the emitted electrons was measured by employing a hemispherical analyzer (Omicron EA125) with a five-channel detection system. The total energy resolution was 0.80 eV. Before photoemission measurement, the analyzer was calibrated with a thick gold sample. We assume an energy difference of 84.0 eV between the Au4f7/2 peak and the Fermi level [28].




3. Results


Figure 1 shows the Ge3d core level after 3 h annealing in UHV for the G/Ge samples. The experimental spectra were decomposed after background correction with a least-square procedure using a Lorentzian convoluted with a Gaussian to represent each of the spin–orbit-split components of the Ge3d core level. In the fitting procedure, the spin–orbit splitting of the Ge3d core level was fixed at 0.58 eV and the branching ratio was taken to be the statistical value of 3:2. The same spin–orbit-split and branching ratio were used for the various components introduced in our fitting procedure. The main peak at 29.64eV for G/Ge and 29.60eV for Ge is attributed to bulk Ge. Other peaks located at 0.9 eV, 1.6 eV, 2.6 eV and 3.4 eV from the main peak correspond to the photoemission signal from germanium in an oxidation state of +1, +2, +3 and +4, respectively [29].



After HF etching, only the +1 oxidation component is observable for the Ge sample, while for G/Ge the +1 and +2 oxidation states are visible. This indicates that HF removed most of the oxide but that the etching efficiency and/or kinetics in HF are reduced by the presence of graphene on the surface in opposition to what we observed on silicon, where oxide removal is not affected by the presence of graphene [17]. The deposition of 1 nm Au on the Ge surface induces a 0.25 eV shift of the main Ge3d component towards lower binding energies (BE). This shift indicates that the gold deposition induces a band bending change as the Au/Ge interface forms. For the graphene-covered sample, no binding energy shift was observed after the deposition of gold, indicating that no further band bending took place.



Because of the greater bond strength of Ge–Cl over Ge–H, chloride passivation is expected to be more stable than hydrogen [30]. As Ge oxides are soluble in HCl, etching in HCL would remove the oxide and passivate the surface with chloride. We can see in Figure 2 an almost similar shape of the Ge3d spectra between graphene-covered and -uncovered surfaces. Here, in the photoemission spectra, we observe only a contribution from Ge atoms in oxidation state +1 in addition to the Ge bulk component. This indicates that either the oxide removal is not complete in HCl or the surface re-oxidizes before introduction under UHV. We confirm in our survey spectrum that Cl ions are still present at the surface after introduction of the sample in UHV. After the deposition of 1 nm Au on the Ge:Cl surface, we observe a 0.34 eV shift towards lower binding energies of the Ge3d bulk component. The final BE position of the main Ge3d peak is essentially the same as for the Au/Ge:H sample. When the surface is protected with graphene the shift of the Ge3d main component is only 0.19 eV.



Figure 3 shows the experimental spectrum of the C1s core level for single-layer graphene on Ge passivated with HCl and HF. A main component corresponds to C–C sp2 bonds and a second component located at 0.7 eV higher BE is attributed to sp3 carbons [31]. One more component at a 2.4 eV higher BE (labelled C1 on the figure) is assigned to the contribution of carbon atoms from PMMA residues [32]. It can be seen that the deposition of 1 nm of Au on graphene causes a C1s core level shift towards lower BE of 0.18 and 0.10 eV for Ge:Cl and Ge:H samples, respectively. This shift is induced by an electron transfer from graphene toward Au at the graphene/Au interface [33].




4. Discussion


From the position of the main Ge3d peak, we can determine the Schottky barrier height for electrons, defined as the difference in energy between the Fermi level and the conduction band minimum at the interface, with the following equation:


   ϕ B  =  (  Δ  (  V B − G e 3 d  )  +  E g   )  − B  E  G e 3 d    



(1)




where   Δ  (  V B − G e 3 d  )    is the energy difference between the Ge3d core level and the valence band,    E g    is the Ge bandgap and   B E  (  G e 3 d  )    is the measured binding energy of the Ge3d core level referenced to the Fermi level.   Δ  (  V B − G e 3 d  )    is set to 29.30 eV [25] and the Ge bandgap to 0.67 eV. The measured SBHs are summarized in Table 1 as a function of the surface treatment.



Table 1 summarizes the SBH of our heterostructures with different surface treatments with and without graphene and before and after Au deposition. We can notice that the SBH of intimate Au/Ge interfaces is independent of the Ge surface treatment. These SBH values are close to previous reports for Au/Ge contacts [34]. For metal/Ge interfaces, the FL is strongly pinned close to the valence band edge. Indeed the SBH only weakly depends on the metal work function ranging from 0.49 to 0.67 eV for metal work functions variations of 2.8 eV [35]. The introduction of a graphene monolayer between Au and Ge strongly reduces the SBH to about 0.5 eV. This behavior suggests that the FL pinning was alleviated by the presence of graphene at the interface.



An even lower SBH value of 0.31 eV was obtained for graphene on a HCl-treated Ge surface. This is a strong indication that the chloride passivation was efficient in reducing the surface state density and that the FL is not pinned. In that case, we can apply the simple model of Schottky–Mott where the SBH    ϕ B    is:


   ϕ B  =  W G  −  χ  Ge    



(2)




with    W G    the work function of graphene and    χ  Ge     the electronic affinity of the semiconductor. Lin et al. [36] measured a    W G    of 4.3 eV for CVD-graphene deposited via a PMMA-assisted method similar to ours. This value is lower than the commonly used 4.54 eV because of resist contamination and structural defects induced during wet transfer. With an electron affinity of 4.0 eV for Ge, this would lead to an SBH of 0.30 eV, in excellent agreement with our result. For an un-passivated surface, the FL is expected to be pinned close to the charge neutrality level (0.09 eV above the valence band maximum [35]). In that case, Dimoulas et al. [35] predict an SBH of 0.56 eV for a graphene/Ge contact. The SBH for G/Ge:H is between these two values, suggesting a less efficient passivation of HF compared to HCl. This is expected since the hydrogen passivation is not stable in air and hydrogen is removed from the surface within a few minutes [37]. Xu et al. [38] showed on G/Si:H that the dominant interaction between graphene- and hydrogen-passivated Si surfaces is through Van der Waals forces. In that case, C and Si atoms do not interact with each other. Depassivation of Si induced a stronger interaction between Si and C atoms, eventually leading to the formation of covalent bonds and an increased density of states in the gap of Si. The situation is similar here, with a weak interaction between C and Ge atoms associated with a low density of states in the Ge bandgap when passivation is efficient (Cl-passivation). When the passivation is less efficient (H-passivation), the interaction between C and Ge atoms becomes stronger and the density of states in the Ge gap increases.



As gold is deposited on the G/Ge:Cl surface, the SBH increases by 0.19 eV. At the same time, the work function of graphene is increased by an almost similar value of 0.18 eV. This is another strong indication that the FL is unpinned at the Ge surface. A similar gold deposition weakly modifies the SBH for G/Ge:H, supporting our interpretation of a more pinned FL due to a less efficient hydrogen passivation.




5. Conclusions


We studied the physico-chemistry and band alignments of G/Ge surfaces with different passivation treatments of the Ge surface by photoemission spectroscopy. We observed an almost complete removal of the surface oxides by wet chemical etching in HF or HCl. These wet etchings were efficient even with the graphene layer on the surface. When Au is deposited on Ge, the SBH is essentially independent of the surface treatment, as expected for strongly pinned FL at metal/Ge contacts. We observe a reduction of the SBH by the insertion of a graphene monolayer between Au and Ge, suggesting an alleviation of the FL. An even stronger alleviation is induced by chloride passivation. In that case, we reach the Schottky limit. The association of graphene with an efficient surface passivation could lead to a low SBH on n-type Ge.
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Figure 1. Ge3d core level of G/Ge:H and Ge:H samples after annealing for 3 h under vacuum, after 10 mins in HF (10%) and after 1 nm Au deposition. 
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Figure 2. Ge3d core level of G/Ge:Cl and Ge:Cl samples after 30 s in HCl (7.5%) and after 1 nm Au deposition. 
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Figure 3. C1s core level of the graphene-covered regions for HF- and HCl-passivated Ge surfaces before and after 1 nm Au deposition. 
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Table 1. Schottky Barrier Height (in eV) for various Ge surface treatments.
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	Surface Treatment
	G/Ge
	Au/G/Ge
	Au/Ge





	HF
	0.49
	0.53
	0.78



	HCl
	0.31
	0.50
	0.77
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