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摘要 

 

    此論文中，我們廣泛地研究各種高介電(high-k)薄膜—包含氮氧化鉿

(HfOxNy)、三氧化二鋁(Al2O3)及三氧化二釓(Gd2O3)—在塊材鍺(Ge)及砷化鎵

(GaAs)基板上的沉積及元件特性。首先，我們提出兩種表面鈍化方法，氨氣電漿

處理及超薄矽批覆，來改善氮氧化鉿濺鍍膜在純鍺基板上；而我們確實看到在經

過不管是表面氮化或矽覆蓋製程後，僅少量氧化鍺(GeOx)存在介電層接面、抑制

鍺擴散至上層氮氧化鉿以及較少的氧化層電荷捕獲。我們推測這些改善現象是由

於減少氧化鍺的揮發及提升高介電層/鍺接面熱穩定性的結果。  

 我們接續研究原子層沉積(atomic-layer-deposited)三氧化二鋁在純鍺基板上的

材料及電特性。發現提升沉積溫度確實改善三氧化二鋁本身的密度及當量化

(stoichiometry)；但沉積溫度超過 200 度將造成三氧化二鋁介電層與氧化鍺接面層

的混合，也就是形成氧化鍺鋁中間層(GexAl1-xO intermediate layer)，這將導致白金
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/三氧化二鋁/鍺(Pt/Al2O3/Ge)電容元件出現較大漏電流及接面缺陷密度

(interfacial state density)高達 1013 cm-2eV-1 以上。另一方面，進一步採用氫氣氮氣

混合之熱退火(forming gas annealing)來改善低溫(100 度)三氧化二鋁沉積在鍺上

的特性，結果發現在靠近能帶中間(midgap)之接面缺陷密度可以下降至約 6×1011 

cm-2eV-1 左右，連遲滯(hysteresis)現象也獲得改善。此外，我們結合電容元件實驗

與 MEDICI 模擬軟體，進一步證實具有高本質載子濃度(intrinsic carrier 

concentration) 的 純 鍺 在 透 過 基 板 內 部 缺 陷 (bulk trap) 的 產 生 結 合

(generation/recombination)或擴散(diffusion)機制，是導致在高頻率下(>103 Hz)會

觀察到低頻電容曲線及無電壓相依性之反轉電導(gate-independent inversion 

conductance)的主因。我們透過電導-電壓(conductance-voltage)特性評估出在低摻

雜濃度鍺基板內的缺陷密度約為(2-4)×1015 cm-3 左右。阿瑞尼士之基板電導圖

(Arrhenius-dependent substrate conductance)也指出在鍺基板內比起在矽基板內有

高達 104 倍的能量損耗(energy loss)，的確反應出具有較快速的次要載子反應速度

(minority-carrier response rate)。  

 論文中，另一研究主題為改善濕式化學清潔(wet-chemical cleaning)及硫化氨

處理[(NH4)2S treatment]對於高介電層/砷化鎵之電特性影響。實驗證明，採用氨水

鹼性溶液(NH4OH alkaline solution)並搭配 80 度的硫化氨水溶液[(NH4)2S-H2O]可

有效地抑制砷化鎵原生氧化層(GaAs native oxides)及接面附近砷原子(elemental 

As)的形成，進而改善費米能階釘扎效應(Fermi level pinning effect)對電特性的影

響。所製造的三氧化二釓/砷化鎵(Gd2O3/GaAs)電容元件經過最佳化硫化處理後，

在電容等效厚度(capacitance-equivalent-thickness)約 20 埃及閘極電壓在平帶電壓

加 1伏特[Vg = (VFB+1) V]條件下，可表現出漏電流僅約 1.5 × 10-5 A/cm2；已足以

匹配他人之前文獻使用超薄矽/鍺鈍化(ultrathin Si/Ge interfacial passivation)之二

氧化鉿/砷化鎵電容元件的優越電性表現。而原子層沉積之三氧化二鋁/砷化鎵

(ALD-Al2O3/GaAs)電容元件在經過硫化後，也表現出較高的氧化層電容值、較小
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的頻率離散(frequency dispersion)、微縮的遲滯現象及較低的接面缺陷密度及漏電

流成果。且進一步將硫化氨的溶劑(solvent)從水換成丁醇(C4H9OH)將可看到更大

幅度的電特性改善，不僅明顯壓抑表面砷原子及氧化砷(AsOx)的量，也形成更多

穩定硫鍵結在砷化鎵基板上。另一方面，後續熱退火氣體環境的採用，氧氣及氮

氣，對原子層沉積三氧化二鋁/砷化鎵電容元件特性影響，已可透過了解背後熱化

學反應機制來理解。此外，我們也注意另一有趣現象，原子層沉積之三氧化二鋁

在砷化鎵基板上傾向於高溫(300 度)成長，剛好跟它在鍺基板上傾向於低溫(低於

200 度)成長是相反趨勢。 

    最後，我們成功地製作出搭配原子層沉積三氧化二鋁高介電層之反轉式

(inversion-mode)純鍺 P 型/N 型場效電晶體。純鍺 P 型電晶體(寬度/長度 = 100 

μm/4 μm)呈現載子遷移率峰值(peak mobility)及電流開關比(on-off ratio)分別為

225 cm2V–1s–1 及大於 103；相對地，純鍺 N型電晶體(寬度/長度 = 100 μm/9 μm)

的載子遷移率峰值及電流開關比分別低於 100 cm2V–1s–1 及 103。而我們認為相對劣

等的 N型電晶體特性主要跟具有較大的源極/汲極(source/drain)阻值、較嚴重的接

面缺陷散射效應以及較低的基板濃度有所關聯性。後續使用 300 度的氫氣氮氣混

合之熱退火不但可以提升驅動電流(on current)、降低能帶缺陷密度以及改善負偏

壓熱不穩定性(negative bias temperature instability)可靠度。但提升溫度至 400 度將

會極劇增加 N型電晶體的關電流(off current)，這是由於源極/汲極的磷摻雜發生嚴

重向外擴散所導致的結果。在此論文中，我們亦調查純鍺接面二極體特性及漏電

流路徑，我們得到純鍺 P+N 及 N+P 接面二極體整流特性比分別可超過 103 及 104(電

壓範圍為±1 伏特)，所對應的漏電流為接近 10-2 and 10-4 A/cm2。至於漏電流到底是

由表面周圍(surface perimeter)或接面面積(junction area)大小所主宰，發現熱製程

(摻雜活化或氫氣氮氣混合之熱退火)的使用乃是主要關鍵角色。另一方面，我們

也展示具有原子層沉積三氧化二鋁高介電層之空乏式(depletion-mode)砷化鎵 N 型

場效電晶體，在搭配硫化氨-丁醇表面處理後的轉換(transfer)及輸出(output)電特
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性。在閘極電壓高於臨界電壓 4.8 伏特以及汲極電壓為 4伏特(Vg–Vth = 4.8 V, Vd = 

4 V)條件下，汲極電流(Id)約為 250 mA/mm。但所萃取出來的電子遷移率峰值僅

僅只有 336 cm2V-1s-1 之多，顯示高介電層/砷化鎵接面品質仍需進一步最佳化。 
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Abstract 

 

 In this thesis we have extensively investigated the deposition of various high-k 

dielectric films—including HfOxNy, Al2O3, and Gd2O3—onto the bulk Ge and GaAs 

substrates and the electrical characteristics of the devices with these developed high-k 

dielectric films. At first, two surface passivation methods, i.e., the NH3 plasma 

pretreatment and the ultrathin Si capping, were employed to improve the quality of the 

sputtered HfOxNy films on the Ge substrates. Not only the severe incorporation of Ge 

species into the overlying HfOxNy was eliminated, but also the smaller amount of GeOx 

remained at the dielectric interface and the less oxide trapped charge were observed 

after undergoing surface nitridation or Si capping processes. These improvements can 

be attributed to the reduced GeOx volatilization and also enhanced thermal stability of 

the high-k/Ge interface. 
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We subsequently studied the material and electrical properties of 

atomic-layer-deposited (ALD) Al2O3 thin films on the Ge substrates. It was found that 

an increase in the deposition temperature did improve both the density and 

stoichiometry of the Al2O3 films; nevertheless, temperatures exceeding 200 °C caused 

the intermixing of top Al2O3 and interfacial GeO2 layers, i.e., the formation of a 

GexAl1–xO intermediate layer. It led to the consequence of an increasing gate leakage (Jg) 

and a higher interface state density (Dit, >1013 cm–2eV–1) in the Pt/Al2O3/Ge capacitors. 

On the other hand, for improving the quality of low-temperature (100 °C) Al2O3 films 

on the Ge, the forming gas annealing (FGA) at 300 °C was conducted further; the value 

of the Dit close to midgap was evidently lowered to ca. 6 × 1011 cm–2eV–1 accompanying 

with the reduced hysteresis width. In addition, we combined these device experiments 

with MEDICI simulations and thus validated that a high value of intrinsic carrier 

concentration (ni) in Ge, via the bulk-trap generation/recombination as well as the 

diffusion from the bulk substrate, were responsible for the presence of low frequency 

C-V curves in the kHz regime and the gate-independent inversion conductance. The 

density of the bulk trap was estimated to be ca. (2–4) × 1015 cm–3 in the low-doped Ge 

in terms of their conductance-voltage (G-V) characteristics. The plot of the 

Arrhenius-dependent substrate conductance (Gsub) also indicated a larger energy loss 

occurring in Ge than in Si by at least four orders of magnitude, reflecting the fast 

minority-carrier response rate. 

We also, afterward, presented the study of the effects of alterant wet-chemical 

clean and (NH4)2S treatment on the electrical characteristics of high-k/GaAs devices. 

Through analysis of the surface chemistry, it was evident that employing the NH4OH 

alkaline solution and then (NH4)2S-H2O passivation at 80 °C effectively suppressed the 

formation of GaAs native oxides and elemental As close to dielectric interface, thereby 
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abating the “Fermi level (Ef) pinning” effect on the electrical performance. With 

undergoing the optimized sulfidization processes, the fabricated Gd2O3/GaAs capacitors 

exhibited the Jg of ca. 1.5 × 10-5 A/cm2 @ Vg = (VFB + 1) V with the 

capacitance-equivalent-thickness of ca. 20 Å, which is comparable to the earlier study 

of high-performance HfO2/GaAs system with an ultrathin Si/Ge interfacial passivation. 

Also, the sulfidized ALD-Al2O3/GaAs capacitors can reveal the resultant higher oxide 

capacitance, the smaller frequency dispersion, the decreased hysteresis width, the 

reduced Dit, and the smaller Jg, respectively. Further replacing the (NH4)2S solvent from 

H2O to C4H9OH indicated a higher electrical improvement, in which an obvious 

suppression of elemental As and AsOx surface species was found with an increasing 

sulfur bonds on the GaAs substrates. On the other hand, the influences of post annealing 

ambient, O2 and N2, adopted in the Al2O3/GaAs capacitor were investigated and we 

clarified the characteristic differences by identifying the underlying thermochemical 

mechanisms. In our studies, another interesting feature was noticed that the deposition 

of the ALD-Al2O3 films on GaAs favored to at the higher temperature, 300 °C, which is 

opposite to the behavior that those on Ge favored to at low temperatures (<200 °C). 

Finally, we have successively demonstrated the device characteristics of the 

inversion-mode Ge p- and n-MOS field-effect-transistors (FETs) with the ALD-Al2O3 

gate dielectrics, respectively. The respective peak mobility and on/off ratio was ca. 225 

cm2 V–1 s–1 and >103 for Ge p-FET (W/L = 100 μm/4 μm), while these values were less 

than 100 cm2 V–1 s–1 and ca. 103, respectively, for Ge n-FET (W/L = 100 μm/9 μm). The 

inferior n-FET device performance can be mainly correlated to the larger source/drain 

(S/D) contact resistance, the severe Dit scattering, and the lower level of substrate 

doping. Subsequently performing FGA at 300 °C can enhance the driving on-current, 

decrease the Dit at the Al2O3–Ge interface, and improve the negative bias temperature 
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instability (NBTI) reliability. A higher FGA temperature of 400 °C led to a dramatic 

increase in the off-current of the n-FET, arising from the severe out-diffusion of 

phosphorous dopant from S/D. Herein, the characteristics of Ge junction diodes and 

their reverse leakage paths were also examined in more details. The magnitudes of the 

rectifying ratios for the Ge p+n and n+p junctions exceeded three and four orders of 

magnitude (in the voltage range of ±1 V), respectively, with the values of reverse 

junction leakage of ca. 10-2 and 10-4 A/cm2, respectively. The site of the primary 

leakage path, at either the surface periphery or junction area, was determined by (i) the 

thermal budget during dopant activation and (ii) whether FGA was employed or not. 

Furthermore, the transfer and output characteristics of the depletion-mode 

ALD-Al2O3/GaAs n-FET with the (NH4)2S-C4H9OH chemical passivation were also 

presented. The maximum Id was 250 mA/mm measured at Vg–Vth = 4.8 V, Vd = 4 V. 

However, the extracted peak electron mobility was only 336 cm2V-1s-1, indicating that 

optimization of the dielectric/GaAs interface was still required. 
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171). 

Fig. 6.12 AES depth profiles of the Au/Ge/Ni S/D Ohmic contact (a) before and (b) after 

400 °C for 1 min, respectively (p. 171). 

Fig. 6.13 TEM images of (a) the D-mode GaAs n-MOSFET structure; (b) alloyed 

Ni/Ge/Au S/D Ohmic contact after 400 °C for 1 min; (c) Al/ALD-Al2O3/GaAs 

channel, respectively (p. 172). 

Fig. 6.14 (a) Id–Vg and (b) Id–Vd characteristics of the D-mode ALD-Al2O3/GaAs 

n-MOSFET with (NH4)2S-C4H9OH chemical treatment, respectively (p. 173). 
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Chapter 1 

Introduction and Research Motivation  

1.1 Overview of Transistor Research Roadmap and Device 

Scaling Issues  

The rapid advancement of complementary metal oxide semiconductor (CMOS) 

integrated circuit technologies during the past few decades has forced the Si-based 

microelectronics industry to face several huge technological challenges and to test some 

theoretical limits. R. Chau, Intel Corporation, has even demonstrated the scaling roadmap in 

the progress of the Si MOS field-effect-transistors (FETs), as displayed in Fig. 1.1. It was 

found that within the next two decades, the lateral dimensions of the transistor will approach 

the physical limits and finally consist of only a few atoms. Accordingly, several device issues 

emerged in the nanoscale MOSFETs, as the scheme presented in Fig. 1.2. The first issue is the 

poor device electrostatics and we need to maintain the gate control ability within the channel. 

One solution is the use of the double- and triple-gates to improve the electrostatics, but, it also 

implies that the additional process challenges emerged in such new device architecture. 

Second, the channel transport characteristic is also degraded, leading to the decrease of device 

on-current (Ion). Employment of new channel materials possessing the higher carrier mobility 

and injection velocity is conceivable to solve this channel issue, even if these materials 

possibly bring other integration issues in Si device platform. Third, it is expect that the impact 

of the source/drain (S/D) resistance on the reduction of Ion is an increasing importance with 

the dimension scaling. It was suggested that the replacement of the ion implantation with the 

in-situ doping in the S/D region, i.e., implantation-free S/D, or the use of metal Schottky S/D 

is the possible solution to reduce the effect of the extrinsic resistance. The fourth and fifth 
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issues are an exponential increase in the gate leakage current of an ultra-thin SiO2 and the 

poly depletion effect, respectively. Even up to now, these two well-known issues are of 

intense discussion. Of course, the adoption of the metal-gate/high-k dielectric stack is the 

optimum solution to solve these two issues.         

In fact, at the early stage of the 90-nm node, substrate engineering and uniaxial strain 

technologies—e.g., pseudomorphic SiGe channels grown on the Si substrates for p-FETs [1] 

and strained Si channels on the relaxed graded SiGe buffer layers for n-FETs [2]—have been 

developed to enhance the carrier mobility in the channel. With further scaling down to the 

45-nm node, high-k materials are also introduced as alternative gate dielectrics—in place of 

ultra-thin conventional SiO2 or oxynitrides—in light of leakage concerns and reliability issues. 

Many novel device structures and materials are continuously proposed and explored eagerly 

in an effort to alleviate the tremendous scaling pressure required to improve device 

performances. Various kinds of non-planar tri-gate architectures, carbon nanotubes, nanowires, 

and high-mobility materials catch an increasing attention in recent years. Among above 

intense researches, the feasibility of integrating various prevailing high-k dielectrics with high 

mobility substrates is of much interest due to the advanced progress in the development of 

high-k dielectrics in Si-based MOSFET applications. Through the Table 1.1, we can compare 

the material properties of bulk Si, Ge, GaAs, and InAs at 300 K [3]. As seen, since Ge 

possesses the higher electron (3×) and hole (4×) mobilities than those in Si, therefore, Ge is 

considered new potential candidate to be p- and n-channel materials for high-performance 

logic devices. While GaAs and InAs, relative to Si, have the advantages of much higher 

enhancements in electron mobility and velocity; in consequence, III-V materials are suitable 

to be n-channel MOSFET. Up to date, the promising device characteristics of Ge [4], [5], 

(In)GaAs [6], and InSb [7] channels with either HfO2 or Al2O3 high-k dielectrics have been 

continually demonstrated, and their performance even surpassed the traditional Si transistors 

at the sub-micro gate length [8]. Therefore, it is believed that the MOS capacitor and device 
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properties integrating various high-k dielectric materials onto Ge and GaAs substrates are 

worthy to study in this dissertation. Accordingly, the device challenges and process 

difficulties in use of the high-mobility channels/substrates are of importance to describe more 

details. We will describe these subjects in the following Session 1.2. 

 

1.2  Device and Process Challenges in High Mobility Substrates  

As discussed in the previous section, great progress in the deposition of high-k materials 

enables renewed interest in high-mobility substrates being as a transport channel in 

combination with various high-k dielectrics. In other words, the first challenge is how to 

realize the high interface quality between the deposited dielectric films and either Ge or III-V 

semiconductors. The absence of thermodynamically stable insulators on these two 

high-mobility substrates has probably become the foremost bottleneck to them rivaling or 

exceeding the properties of Si MOSFETs. This actually leads to the onset of high interfacial 

state density (Dit), thereby causing a Fermi level (Ef) pinning effect and casting some doubts 

on the anticipated performance [9]. In fact, for the studies of the dielectric/III-V interface, 

especially the (In)GaAs substrate, numerous efforts have been devoted for more than four 

decades in intensively questing the competitive, high interface quality insulators and efficient 

passivation methods, respectively. Except for SiO2 and Si3N4, (Gd,Ga)2O3 and 

atomic-layer-deposited (ALD) Al2O3 [10], HfO2 [11] high-k dielectrics are of particular 

interest; meanwhile, the sulfur chemical treatment [12], and Si and Ge [13] as the interfacial 

passivation layers are currently active approaches to protect the III-V surface prior to the 

dielectric deposition. Namely, Ge also requires the surface protection, like employing the 

thermal annealing in NH3 [14] or SiH4 [15] ambient, in order to reduce the value of the Dit as 

low as possible, e.g, <1011 cm-2eV-1.   
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Another important subject is the fabrication of high-performance S/D junction in Ge and 

III-V MOSFETs. At first, for the Ge p+n junction, fortunately, the boron is a highly activated 

dopant without the need of higher annealing temperature (just in the range 450–550 °C), and 

the retarded diffusion behavior of boron dopant is also observed [16]. However, almost the 

opposed results are characterized in the corresponding n+p junction. Not only a higher thermal 

budget (in the range 550–650 °C) is required during n-type dopant activation, but also more 

rapid dopant diffusion (either out of the surface or into the substrate) and lower electrical 

activation are generally observed [17], [18]. It has been reported previously that the amounts 

of P dopant loss were ca. 40% and >60% after RTA at 500 and 600 °C, respectively [19]. The 

resultant surface concentration also influenced the variation of the contact resistance [20]. 

Therefore, how to obtain the n+p shallow junction having an acceptable leakage current is 

critical to obtaining high-performance Ge n-FETs. It should be noted that the feature of small 

bandgap in Ge and other III-V materials (except GaAs) is likely to give rise to high 

band-to-band tunneling (BTBT) leakage current and hence large static power dissipation.  

On the other hand, the III-V junction diodes have been widely investigated because of 

the optoelectronic applications, but, we still need to consider two essential issues in 

fabricating the III-V n+p junction for the n-FET application. One is that the dopant activation 

temperature, in general, is also higher, e.g, in the range 750–850 °C for (In)GaAs-based 

materials, which in turn possibly degrades the characteristic of the dielectric/III-V interface. 

Another is III-V materials that usually possess the lower values of solid solubility of n-type 

dopants and the density of states (DOS), as shown in Table 1.1. For example, in GaAs the 

maximum Si solubility and the DOS are merely (4-6) × 1018 and 4.7 × 1017 cm-3, respectively, 

which are ca. 1.5 and 2 orders of magnitude lower than those in Si. In consequence, these 

inherent material issues certainly contribute the more S/D resistance in device and hence limit 

the maximum Ion, acting the obstacle in outperforming the Si device performance of deep 

sub-100nm region [21]. 
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Other device issues and process difficulties, like the work function of gate metals, the 

metal germanide technology in S/D, wet-chemical cleaning processes, and wet/dry etching, 

are still significant. Most importantly, the subject of heterogeneous integration of these Ge 

and III-V materials onto the traditional Si platform, i.e., the heteroepitaxy technique, will be 

quite critical in developing these oncoming nanoscale CMOS technologies. 

 

1.3  Scope and Organization of the Thesis 

Two promising high-mobility substrate materials, Ge and GaAs, are investigated in this 

dissertation. We devoted our efforts to the effects of wet-chemical clean, surface passivation, 

and thermal processing on the physical and electrical properties of various alternative high-k 

gate dielectrics on these two substrates. This dissertation is divided into seven chapters and 

organized as follows: 

In Chapter 1, a brief overview of the background and motivation is described. We 

reviewed the MOSFET scaling roadmap and the possible challenges emerged in the nanoscale 

devices. Next, we discussed the significance of high mobility substrates in further application 

of the advanced CMOS technologies; meanwhile, the process difficulties and material issues 

in the accomplishment of the Ge and GaAs III-V devices were brought up. 

In Chapter 2, we performed the physical and electrical analyses to systematically 

examine the HfOxNy thin films sputtered on Ge substrates and the admittance properties of 

their MIS capacitors. Both the NH3 plasma treatment and Si2H6 thermal annealing are 

proposed in an attempt to improve the properties of HfOxNy high-k films on Ge substrates. 

We observed that not only the out-diffusion of Ge substrate and charge trapping phenomenon 

of entire HfOxNy/Ge gate stack are relieved, but also the thermal stability is enhanced after 

these two passivation methods. 

In Chapter 3, we investigated the structural and electrical properties of Al2O3 thin films 
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grown through ALD system on Ge substrates. It was observed that variation of the substrate 

temperature strongly influenced the Al2O3 film qualities on Ge, including the density, 

stoichiometry, and the degree of the Al2O3-GeO2 intermixing. Such a temperature effect on 

the interface, capacitor, and gate leakage characteristics of the Al2O3/Ge structures is 

examined as well. Furthermore, we explored the minority-carrier response behavior of Ge 

MOS capacitors through MEDICI simulations and device experiments, and further compare 

their electrical differences with those in traditional Si MOS capacitors. 

In Chapter 4, we modified the wet-chemical clean and (NH4)2S sulfidizing treatment on 

GaAs substrate and characterized the effects of the surface modification on the interfacial and 

electrical improvements of the e-gun evaporated Gd2O3/GaAs MOS capacitors. In addition, 

we further compared the gate leakage characteristics of the fabricated Gd2O3/GaAs structures 

to the reported performance of various high-k dielectric materials on GaAs substrates. 

In Chapter 5, the deposition of ALD-Al2O3 gate dielectrics on GaAs substrates was 

studied. Next, the impact of interfacial (NH4)2S treatment integrating with different 

sulfidizing solvents was investigated through analyses of the surface chemistry and capacitor 

characteristics of the Al2O3/GaAs structure. In the following, we performed the 

post-deposition annealing in O2 and N2 ambient to understand the changes of the structural 

and electrical properties; the differences were clarified in terms of identifying the underlying 

thermochemical mechanisms. 

In Chapter 6, both the inversion-mode Ge p- and n-MOSFETs and the depletion-mode 

GaAs n-MOSFET with the ALD-Al2O3 gate dielectrics were fabricated. Herein, we studied 

effects of the forming gas annealing on the Ge junction and device properties; the correlation 

between the n-type dopant activation and the origins of n+p junction leakage and source/drain 

resistance is also analyzed in more details. On the other hand, the transfer and output 

characteristics of ALD-Al2O3/GaAs n-MOSFET were demonstrated and we employed the 

(NH4)2S-C4H9OH chemical passivation to improve the GaAs device performance further. 
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In Chapter 7, we summarized the experimental results in the thesis and gave the 

conclusions and the suggestions for future studies. 
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Table. 1.1 Material properties of Si, Ge, GaAs, and InAs at 300 K. 

 

 

Fig. 1.1 Transistor scaling and research roadmap demonstrated by R. Chau, Intel Corp. 
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Fig. 1.2 Scheme of device issues in the nanoscale MOSFETs.  
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Chapter 2 

Sputtered HfOxNy Dielectric Films on Bulk Ge Substrates  

2.1  Introduction  

Recently, Ge-channel devices—including bulk Ge [1], [2], strained Ge [3], and 

Ge-on-insulator (GOI) [4] systems—integrated with high-k gate dielectrics have attracted 

considerable research interest. Although transistors were originally fabricated on Ge 

substrates, the lack of a stable Ge native oxide has been an obstacle in complementary 

metal-oxide-semiconductor (CMOS) device realization with Ge. Therefore, silicon has been 

used in CMOS technology for many decades because of the better qualities of its native oxide, 

such as a low leakage current, low interface state density, and good thermal stability. With the 

further scaling of device and gate oxide dimensions down to the nanometer range, however, 

the leakage current density in SiO2 has become much higher than 2 mA/cm2, which is the 

maximum concession for low power applications [5]. Consequently, higher dielectric-constant 

materials with a thicker physical thickness are introduced to suppress the concern of excessive 

gate leakage while maintaining the equivalent-oxide-thickness (EOT) of the scaled devices. 

Presently, hafnium-based oxides or oxynitrides, e.g., HfO2, HfON, and HfSiON, are the 

uppermost candidates for application among all of the potential high-k dielectrics. Both Si and 

SiGe MOSFETs integrated with Hf-based gate dielectrics exhibit admirable properties [6]-[8], 

but they also reveal undesirable surface carrier mobility degradation behavior [9], [10]. 

Changing the substrate from Si to Ge might be a possible solution to this problem because Ge 

has a higher carrier mobility relative to that of Si. From recent advances in the deposition of 

high-k materials, Ge MOSFETs incorporating high-k gate dielectrics have exhibited some 

promising performance [11], [12]. In this session, we investigated the physical and electrical 
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characteristics of HfOxNy sputtered films on bulk Ge substrates and then determined the 

impact of thermal annealing processing on the entire capacitor structure. Meanwhile, recent 

reports have described that annealing a cleaned Ge substrate in a NH3 [13] or SiH4 [14] gas 

ambient, prior to deposition of a high-k dielectric, further improves the MOS properties on Ge. 

Here, we proposed the NH3 plasma pretreatment to passivate a Ge substrate and investigated 

the passivation efficiency. Actually, the overall MOS structures had higher thermal stability 

and showed the improved electrical characteristics. On the other hand, we also speculate that 

the incorporation of nitrogen atoms may lead to incomplete passivation of the dangling bonds 

on the Ge surface; such a surface would not fully inhibit the growth of GeOx because of the 

lower thermal stability of Ge–N bonds [15]. Therefore, we also attempted to adopt the Si2H6 

passivation onto Ge surfaces, in which several monolayers of Si exist between the gate 

dielectric and Ge substrate, for inhibiting the formation of GeOx and suppressing hysteresis 

phenomena in high-k/Ge MOS capacitors; we also presented an energy band diagram to 

explain the charge trapping model. 

 

2.2  Experimental Procedures  

N-type Ge substrates, which were doped with Sb dopant at a concentration of ca. 1 × 

1014 cm–3 (resistivity ~ 8–12 Ω·cm), were precleaned through a cyclic rinse involving a 

diluted HF dip and deionized water. After wet cleaning, the NH3 plasma exposure on the Ge 

surface of some samples was performed in the plasma-enhanced chemical vapor deposition 

(PECVD). HfOxNy thin films were subsequently deposited through reactive sputtering in a 

Ar+N2 ambient with a pure Hf target, followed by annealing in a N2 atmosphere containing 

residual oxygen. In an attempt to suppress any additional oxidation, which can help to 

minimize the thickness of interfacial layer (IL), the post-deposition annealing (PDA) was 

performed in an N2 ambient rather than an O2 ambient to convert HfN into HfOxNy. Various 
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PDA temperatures (500 and 600 °C) and durations (30 s and 5 min) were employed. Next, a 

platinum (Pt) dot was deposited using electron beam evaporation through a shadow mask. For 

evaluating the thermal stability of the Pt/high-k/Ge structures, the post-metallization annealing 

(PMA) with the same temperature conditions were performed.  

For experiments of the ultrathin Si capping, the cleaned Ge substrates underwent thermal 

desorption at 550 °C for 10 min through ultrahigh-vacuum chemical vapor deposition 

(UHVCVD) to remove the native GeOx, followed by in situ passivation of a Si capping layer 

upon annealing under a Si2H6 ambient at the same substrate temperature; the 

thicknesses—evaluated using angle-resolved x-ray photoelectron spectroscopy 

(AR-XPS)—were ca. 8 Å and ca. 13 Å for annealing duration of 1 and 2 min, respectively. 

After the following deposition of high-k film and metallization process, the Pt/HfOxNy/Ge 

MOS capacitor structure can be obtained. 

Transmission electron microscopy (TEM) and secondary ion mass spectroscopy (SIMS) 

were employed to investigate the entire structure and Ge incorporation behavior after these 

two pretreatments, respectively. In addition, we carried out ex-situ XPS measurements using 

an Al Kα source (1486.6 eV) to examine the effects of surface plasma nitridation on the 

dielectric-substrate interface and evaluate the Ge contamination level within the top high-k 

films. In electrical characterization, the capacitance−voltage (C−V) and conductance−voltage 

(G–V) curves were measured using an HP4284 LCR meter, while the current−voltage (I−V) 

characteristics were measured using a Keithley 4200 semiconductor analyzer system. We 

further extracted the series resistance and external inductance or capacitance in measurements 

and then applied as a correction to the measured capacitance and conductance [16], [17]. The 

value of the effective trapped charge density (Neff) was determined quantitatively by 

measuring the hysteresis width at flat-band voltage (VFB) in the bidirectional C–V sweeps [18]. 

The interface state density (Dit) was estimated from both high-low frequency capacitance 

method [19] and the G–V characteristics using Hill’s method [20]. 
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2.3  Effects of Postdeposition Annealing and NH3 Plasma 

Pretreatment 

2.3.1 Structure and Composition Analyses  

 Figure 2.1 shows cross-sectional TEM image of as-deposited Pt/HfOxNy/Ge structure. 

We characterized that the thicknesses of the HfOxNy bulk film and the IL were ca. 73 Å and ca. 

19 Å, respectively. When HfOxNy/Ge system undergoes high-temperature process, of primary 

interest is the resultant germanium diffusion in the overlying HfOxNy films. As the SIMS 

depth profiles illustrated in Fig. 2.2, we observed a large Hf tail—a known SIMS artifact—at 

the end of the HfOxNy layer, and ion yield enhancements of both Ge and Hf at the beginning 

of the Ge substrate. Discarding these artificial phenomena, a U-shaped distribution of Ge did 

exist inside the overlying HfOxNy layer. From the concentration levels, we suggest that the 

higher thermal annealing indeed enhanced the incorporation of Ge, relative to the 

concentration in low-temperature processed sample. Assuming that the composition is the 

mixture of HfOxNy and GeOxNy, we evaluated the amount of incorporated Ge quantitatively 

through XPS measurements because of the lack of sputtering yield information for Ge in the 

HfOxNy layer. Considering the respective atomic sensitivity factors of the Ge 2p3, Hf 4f, O 1s, 

and N 1s core levels, we estimated an average Ge concentration of ca. 12(±1.4) at.% in their 

overlying high-k layers for the 400 °C-processed sample, with the values increasing to ca. 

19.3(±2) at.% after 500 °C PDA for 5 min. Such a low-temperature annealing has led to 

severe Ge incorporation into the HfOxNy dielectric film. Note that the maximum sampling 

depth is ca. 45 Å in Ge 2p3 spectrum, and it exactly involves in a U-shaped distribution of Ge 

within the high-k films, therefore, we use an average value for evaluating the Ge 

contamination. These Ge atoms are incorporated in the form of GeOx through both external 
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and internal contamination mechanisms. A higher surface concentration of Ge oxide in the 

SIMS analyses has been identified as arising from gaseous GeO species diffusing out from the 

substrate and downward into the high-k layer via airborne transportation; the contamination 

depth has been estimated to be ca. 20 Å—at least for high-k thin films deposited on Ge 

substrates [21]. This kind of surface contamination, however, can be further suppressed by 

capping a thick SiO2 layer onto the back side of the Ge substrate prior to performing the 

annealing process. In addition, bulk contamination of GeOx may result from the desorption of 

a defective GeOx-containing IL and/or the oxidation of the Ge substrate due to residual 

oxygen existing in a N2 ambient [22].  

2.3.2 Capacitance and Conductance Characteristics 

Figure 2.3 displays multi-frequency C–V characteristics of Pt/HfOxNy/Ge capacitors 

before and after performing the 500 °C PDA and PMA, respectively. It should be pointed out 

that the sweep direction in all of the curves presented here is from strong accumulation to 

strong inversion and they seem not to reach fully saturation in the accumulation regimes. This 

phenomenon can be reasonably understood in term of fast detrapping of the trapped charges 

during the C–V sweep; on the contrary, when the voltage is swept from inversion to 

accumulation, the normal saturation behavior in C–V curves can be seen, as the results shown 

in Fig. 6. Here, we extracted the capacitance-equivalent-thickness (CET) at a value of Vg of 

+2 V in the C–V curves was ca. 28 Å for as-deposited sample; it decreased to ca. 27 Å and ca. 

26 Å after PDA and PMA, respectively. Extending the annealing duration to 5 min leads to 

further CET reduction of ca. 23 Å (not shown here), and it partly arises from the shrinkage of 

the IL [22] due to the fact that Ge does not prefer to form the germinate HfGeO4 [23], 

[24]—unlike Si, which readily forms HfSiO4—through reaction with Hf. In addition, we 

observed that the C–V stretch-out behavior with the hump emerged in depletion for all 
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samples, indicating the existence of a large density of interface states at the dielectric interface. 

Considering the frequency dependence of the interface properties, the deviation of the 10 kHz 

curve with respect to the 1 MHz curve was obviously abated by performing subsequent 

annealing processes. In particular, the PMA-processed sample revealed a deeper “dip＂ in 

depletion, indicative of its improved interface quality. The quantitative analyses of the Dit 

showed that the as-deposited HfOxNy/Ge gate stack revealed a large value of Dit of ca. 8 × 

1012 cm–2.eV–1 and it reduced to the value of Dit of ca. 3.5 × 1012 and ca. 1.4 × 1012 cm–2.eV–1 

for the PDA and PMA samples, respectively. Interface traps and dangling-bond defects 

existing in near-interfacial Ge oxide or Ge oxynitride have been characterized in HfO2/Ge 

system [25]. Recently, C. O. Chui et al. also examined that the level of Dit was quite high and 

still on the order of 1012 cm–2.eV–1 for GeOxNy/Ge gate stack even though receiving 

forming-gas anneal (FGA) [26]. As a result, we believe that a higher value of Dit presented at 

the HfOxNy/Ge interface should be associated with poor quality of the defective GeOx IL. 

Figure 2.4 presents the corresponding G–V curves of Pt/HfOxNy/Ge gate stacks 

measured at 100 kHz; the result of Pt/HfOxNy/Si control sample is also shown for comparison. 

The G–V traces obviously exhibit an interface loss peak, corresponding to the hump observed 

in C–V depletion. The PMA process reduced the conductance peak that emerged in the G–V 

curve of the as-deposited sample to a greater extent than did the PDA process, which is 

consistent with the examination of Dit. Another noteworthy feature is that we measured a high 

value of conductance in inversion and it displayed gate-bias independence; this finding is rare 

for traditional Si MOS capacitors [27]. Generally, the equivalent parallel conductance passes 

through a peak in weak inversion and drops immediately to a very low value in strong 

inversion; in other words, an exponential decline of the conductance values should occur, like 

Si case shown here. In contrast, we observed gate-bias-independent conductance in inversion 

in our case, suggesting that the minority carriers in the Ge substrate, formed either through the 

generation/recombination via midgap trap levels or through a diffusion mechanism—do 
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indeed contribute an energy loss in inversion and compete with interface-state loss in 

depletion [28]. Y. Fukuda et al. have investigated the GeOxNy/Ge interface properties through 

the conductance method [29] and they also simultaneously explored the identical inversion 

conductance [30]. We have observed the anomalous G–V characteristics on low-doped (~1014 

cm-3) Ge substrate for both types; this behavior can be minimized by increasing dopant 

concentration. C. O. Chui et al. characterized the gate-bias-independent conductance in 

inversion for MOS capacitors with GeOxNy dielectric thin film on n-type (ca. 1016 cm–3) Ge 

substrate, but not on p-type (ca. 5 × 1017 cm–3) Ge substrate [26]. We suggest that the onset of 

this strange behavior in Ge capacitor is strongly dependent on the substrate doping level 

because this in turn determines the amount of minority carrier and corresponding response 

time. Moreover, we noticed that the measured capacitance and conductance rose after 

different thermal processes, which are a typical characteristic of the increased number of bulk 

traps, presumably caused by impurity atoms introduced during high-temperature annealing. 

These induced bulky defects in Ge, with energy levels near the midgap, not only contribute to 

greater bulk trap loss but also enhance the supply of minority carriers to the inversion layer, 

incurring the low-frequency-like behavior in the 10-kHz C–V curves. We suggest that both 

thermal mechanisms are significant in Ge because of a large intrinsic carrier concentration (ca. 

2 × 1013 cm–3) since they obviously affect the room-temperature C–V characteristics measured 

at high frequencies—even as high as 1 MHz [31]. 

2.3.3 Flatband Voltage Shift and Gate Leakage Characteristics 

As indicated in Fig. 2.5, we examine the variation of the VFB shift (the left-hand axis) 

and the gate leakage current Jg (the right-hand axis) with respect to the annealing temperature. 

It can be seen that the value of VFB for the as-deposited sample (ca. 0.35 V) is lower than the 

value of the ideal work-function difference (ca. 0.9 eV) between a Pt gate and n-Ge substrate, 
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implying that a substantial number of positive charges have been introduced into the gate 

dielectric/IL bi-layer. High temperature annealing caused the positive shift of the VFB and 

increased the Jg considerably to 1 × 10-3 A/cm2 at (VFB + 1) V after 600 °C PDA; these 

behaviors are possibly correlated with the degree of GeO volatilization. As far as the positive 

VFB shift after thermal annealing is concerned, the desorption process of GeO is believed to 

generate additional negative charges and leads to charge neutralization. W. P. Bai et al. have 

examined that an increase of PMA temperature made the value of VFB shift positively and they 

interpreted this phenomenon in terms of the out-diffusion of GeOx from Ge substrate [32]. 

Another result demonstrated further by N. Wu et al. was that the thicker the Si layer capping 

onto Ge substrate is, the smaller the amount of Ge out-diffusion is. Accordingly, a less 

positive VFB shift was found owing to the reduction of these negative charges [33]. 

Furthermore, more severe out-diffusion of GeO was seen upon increasing annealing 

temperature; this in turn caused the high-k/Ge interface degradation [23]. This tendency is 

obviously different from that observed in the Pt/HfOxNy/Si capacitors which depict the 

reduction in Jg upon increasing PDA temperature. We thus suggest that the GeOx 

incorporation into the overlying HfOxNy bulk film may form the leakage path and contribute 

to gate leakage current, especially after annealing at 600 °C. 

2.3.4 Influence of NH3 Plasma Passivation 

Most studies have demonstrated that the gate leakage current in high-k/Ge systems 

decreases significantly after receiving surface thermal-annealing in a NH3 ambient, especially 

prior to the deposition of HfO2 dielectric films [34]. We observed similar effects after NH3 

plasma, as presented in the inset of Fig. 2.6. The gate leakage was lower after 

higher-temperature PDA for the NH3–treated sample relative to that of the HF-last sample. 

Moreover, plasma treatment reduced the hysteresis loop in the bidirectional C–V curves 
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measured at 1 MHz (Fig. 2.6); reduction of the interface state density to the order of 1011 

cm–2.eV–1 was also achieved. We obtained a corresponding value of Neff of ca. 4.8 × 1012 cm–2 

for HF-last sample and it decreased to ca. 2.5 × 1012 cm–2 after surface nitridation. It was 

believed that sub-stoichiometric oxide may create a high-density of charge-trapping sites at 

the dielectric-substrate and they could induce charge trapping and detrapping. The formation 

of Ge–N chemical bonds and the inhibited growth of GeOx (x ≦ 2) may be responsible for 

the resulting improved electrical performance. The interposed GeOxNy IL may behave as a 

diffusion barrier and suppress the volatilization of GeO out-diffusion from Ge substrate; 

therefore, causing a less significant increase in Jg after NH3 plasma pretreatment. 

On the other hand, in order to obtain a deeper insight into the origin of the hysteresis 

behavior, we separately extended the inversion and accumulation biases in the C−V sweeps 

and found that the increased inversion bias did lead to an increased hysteresis width, but the 

increased accumulation bias did not, as is evident in Fig. 2.7. This fact implies that hole 

trapping is the dominant mechanism; the scheme of a charge trapping model for a 

Pt/HfOxNy/GeOx/Ge gate stack has been proposed in other studies [35]. We conclude that the 

minority carriers (in this case, holes for n-type Ge) tunnel from the Ge substrate and become 

trapped at the inner-interface and/or inside the deficient GeOx interlayer. This process causes 

the C−V curve to shift negatively with the deviation of the VFB when the sweeping bias is 

started further from the negative side, i.e, more inversion charges are trapped. In contrast, the 

C−V curve exhibits its own value of VFB without being trapped when the voltage is swept 

from accumulation to inversion. 

2.3.5 HfOxNy/Ge Interface Chemistry 

In Fig. 2.8 and Fig. 2.9 we investigate the distribution of GeO species in entire structures 

through analyses of the Ge 2p3 and Ge 3p core levels—a broad band consisting of Ge 
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dioxides and suboxides and elemental Ge. We compared the spectra of these two Ge 

photoemissions because they allow sampling at significantly different depths. We employed 

mixed Gaussian–Lorentzian line shapes to reproduce these two Ge core levels from three 

components—Ge, GeO, and GeO2. From the high-surface-sensitivity Ge 2p3 spectrum (Fig. 

2.8), a quite high intensity ratio of the GeO2 and GeO to the Ge substrate was found for both 

samples; this feature arose primarily from the surface contamination of GeOx (x ≦ 2). The 

average Ge concentration estimated within the top of high-k bulk layer is ca. 12(±1.4) at.% for 

HF-last sample; with the value can be reduced to ca. 4.8 at.% providing that the Ge substrate 

receives surface pretreatment of NH3 plasma. Subsequently annealing the NH3 sample at 600 

°C for 30 s causes the Ge concentration increasing to the value of ca. 14 at.%. From the 

concentration levels, we found that NH3 pretreatment did assist to minimize Ge incorporation 

behavior during annealing with respect to the result obtained in HF-last sample that the Ge 

contamination was up to ca. 19.3(±2) at.% after annealing at 500 °C for 5 min. However, we 

suggest that the finite improvements in characteristics of NH3-treatment samples as compared 

to the literatures [14], [33] using another passivation technique—the Si interlayer on Ge—can 

be attributed to the incomplete passivation of the dangling bonds on the Ge surface; such a 

surface would not fully diminish the formation of GeOx. Lower dissociated temperature (ca. 

500 °C) of Ge–N bonds [15] is a major cause to result in a still higher concentration of Ge 

observed after high-temperature processing. 

 In contrast, the Ge 3p spectrum (Fig. 2.9) clearly demonstrated that the intensity from 

the GeOx (x ≦ 2) was lower than that from the substrate after NH3 plasma nitridation, 

especially for inhibiting a large amount of Ge suboxides; these phenomena are the opposite of 

that observed for the non-nitrided high-k/Ge sample. Our explanation for this experimental 

finding is that the Ge 3p core level is capable of examining the amount of Ge oxide existing at 

the high-k/Ge interface since it possesses a higher sampling depth (ca. 80 Å) relative to that 

(ca. 34 Å) of the Ge 2p3 spectrum [36]. Accordingly, such a low oxide/substrate emission 



 23

ratio after performing the nitridation process is a direct result of NH3 plasma pretreatment 

diminishing the number of GeOx (x ≦ 2) defects at the interface; in other words, the reduced 

charge trapping centers is achieved. These results also imply that surface nitridation does 

indeed assist in enhancing the thermal stabilities of Pt/HfOxNy/Ge MOS structures. 

 

2.4  Passivation of Ultrathin Si Capping Layer 

2.4.1 Composition and Interfacial Physical Analyses  

Figure 2.10 displays the SIMS depth profiles of the chemical species present in the 

HfOxNy films on the Ge substrates (a) in the absence and (b) presence of the Si capping layer. 

We estimate that the overall thicknesses of the bulk HfOxNy and IL were ca. 90 Å and >100 Å 

before and after Si passivation, respectively; the probable chemical composition is also 

identified. An important feature of the HfOxNy layer was that the distribution profile of Ge 

was U-shaped; the subsequent PDA process enhanced the incorporation behavior, provided 

that Si2H6 passivation was not performed. The amount of incorporated Ge was reduced ca. 

fourfold after capping with the ca. 8-Å-thick Si layer; further retardation of Ge chemical 

species into the overlying high-k dielectric was achieved after subsequent annealing under the 

same conditions. This finding provides strong evidence that employing a Si capping layer on a 

Ge substrate improves the thermal stability of HfOxNy/Ge gate stacks. 

Figure 2.11(a) displays the Si 2p and Ge 2p core-level XPS spectra of the Ge substrate 

having the Si capping layer both before and after deposition of Pt/HfOxNy bi-layers. Prior to 

deposition, two well-resolved peaks—originating from the signals of the Si capping layer and 

the Ge substrate, respectively—appeared in corresponding core-level spectra; i.e., the native 

oxide was absent. After completing the entire MIS fabrication process, most of the Si atoms 

had transformed into Si dioxide and Hf-silicate, with some nitrogen-related bonds formed; 
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meanwhile, GeOx (x ≦ 2) emerged at the top surface and also in the bulk of the high-k layer. 

Next, in Fig. 2.11(b), we compared the relative intensities of the Ge 2p levels of the four 

SIMS samples investigated in Figs. 2.10(a) and 2.10(b), respectively; because of the lack of 

sputtering yield information for Ge in the HfOxNy layer, we performed XPS analyses to 

evaluate the amounts of incorporated Ge. We estimate Ge concentrations of ca. 13% and ca. 

4.3% for the non-annealed samples lacking and containing the Si capping layer, respectively, 

with these values increasing to ca. 19.6% and ca. 6.1%, respectively, after dielectric annealing. 

The non-annealed high-k dielectric sample lacking the surface passivation layer exhibited a 

severe degree of Ge diffusion into the top HfOxNy film even when post-metallization 

annealing (PMA) was performed at only 400 °C. Because the Ge 2p core level displays higher 

surface sensitivity [36], the GeOx species detected in the Ge 2p spectrum arose possibly 

through one of two incorporation mechanisms: (a) out-diffusion of gaseous GeO species from 

the substrate and downward into the high-k layer through airborne transportation [21]; (b) 

GeO volatilization from the IL and top surface of the Ge substrate. From the viewpoint that 

the same GeO desorption rate would be expected for mechanism (a), it is reasonable to 

attribute the obvious increase in the GeOx intensity of the sample lacking the Si capping layer, 

with respect to that of the sample containing one, to contamination of GeO in the bulk of the 

high-k layer; this hypothesis is in agreement with the SIMS data.  

2.4.2 Capacitance Characteristics and Charge Trapping Model  

Figure 2.12 displays the bidirectional sweep (1 MHz) C–V curves of the Pt/HfOxNy/Ge 

gate stacks lacking and containing Si capping layers. We found that increasing the capping 

layer thickness suppressed the hysteresis width dramatically; its value reduced to ca. 20 mV 

upon increasing the thickness of the Si capping layer to ca. 13 Å. This tendency is quite 

consistent with the recent results reported by N. Wu et al [33]. Moreover, the VFB returned to 
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the work-function difference of ca. 0.8 eV between the Pt gate and the n-Ge substrate or 

undoped Si layer, indicating that the addition of the Si capping layer also eliminated the fixed 

positive charges in the gate dielectric. Our explanation for these phenomena is that it is more 

likely that SiOx and its silicate will form, rather than GeOx, after deposition and annealing 

when the Si capping layer is present because Si–O bonds have larger Gibbs free energies and 

higher thermodynamical stabilities [37]. Therefore, the formation of GeO at the interface and 

its out-diffusion are suppressed significantly upon increasing the thickness of the Si layer. 

Also, we believe that the exacerbated hysteresis width might be due to the high-density of 

charge-trapping sites at the high-k/GeOx interface and/or within the defective GeOx IL. We 

found that the increased inversion bias did lead to an increased hysteresis width, but the 

increased accumulation bias did not (not shown), implying that the hole trapping mechanism 

was dominant. Fig. 2.13 displays our proposed charge trapping model for the 

Pt/HfOxNy/GeOx/Ge gate stack; the energy bandgaps of each material and their corresponding 

electron affinities are literature data [38]-[41]. As seen in Fig. 2.13(a), the minority carriers 

(in this case, holes for n-type Ge) tunnel from the Ge substrate and become trapped at the 

inner-interface and/or within the deficient GeOx interlayer. This phenomenon causes the C−V 

curve to shift negatively, and the value of VFB to deviate, when the voltage was swept further 

toward the negative side. In contrast, the C−V curve exhibited its own value of VFB without 

being trapped when the voltage was swept from accumulation to inversion. These results were 

further confirmed by the larger gate leakage current observed in the accumulation regime, 

with respect to that in the inversion regime, because of the higher probability of 

Fowler–Nordheim (F−N) tunneling and thermionic emission occurring, as indicated in Fig. 

2.13(b). 
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2.5  Conclusions 

In Chapter 2, we first studied the thermal stability of the as-deposited HfOxNy thin films 

on the Ge substrate by employing rapid thermal annealing. After undergoing high temperature 

processing, we observed several interesting physical and electrical features presented in the 

HfOxNy/Ge system, including a large Ge out-diffusion (> 15 at.%) into high-k films, positive 

VFB shift, severe charge trapping, and increased leakage current. These phenomena are closely 

related to the existence of GeOx defective layer and the degree of resultant GeO volatilization. 

We abated these undesirable effects, especially for reducing the amount of Ge incorporation 

(< 5 at.%) and the sub-stoichiometric oxide at dielectric-substrate interface, through 

performing NH3 plasma pretreatment on the Ge surface. These improvements can be 

interpreted in terms of a surface nitridation process that enhanced the thermal stability of the 

high-k/Ge interface. Moreover, we also adopted the Si2H6 thermal pretreatment to relieve Ge 

out-diffusion in HfOxNy/Ge capacitors. It was found that capping an ultrathin Si layer onto a 

Ge substrate retarded GeO volatilization and suppressed oxide charge trapping in the MIS 

structures and, thus, enhanced the thermal stabilities of entire HfOxNy/Ge MIS structures. We 

provide herein a schematic energy band diagram to explain the resultant charge trapping 

behavior in these systems. 
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Fig. 2.1 Cross-sectional TEM image of as-deposited Pt/HfOxNy/Ge gate stack.  

 

Fig. 2.2 SIMS profiles of as-deposited HfOxNy/Ge gate stack after two different 

annealing conditions: (a) 400 °C, 30 s; (b) 500 °C, 5 min. 
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Fig. 2.3 Multi-frequency C–V curves of Pt/HfOxNy/n-Ge capacitors measured at 10 

kHz (▲), 100 kHz (●), and 1MHz (■): (a) as-deposited; (b) 500 °C PDA, 30 s; 

(c) 500 °C PMA, 30 s.  

             

Fig. 2.4 Typical 100-kHz G–V curves of as-deposited and annealed Pt/HfOxNy/n-Ge 

capacitors (solid symbols); the annealing duration is 30 s for these two thermal 

processes. Note that the G–V curve of as-deposited Pt/HfOxNy/n-Si capacitor 

(open squares) is added for comparison.  
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Fig. 2.5 The VFB shift (the left y-axis) and I–V characteristics (the right y-axis) of 

Pt/HfOxNy/n-Ge capacitors subjected to different thermal processing.  

 

Fig. 2.6 Bidirectional sweep (1 MHz) C–V curves of Pt/HfOxNy/n-Ge capacitors 

prepared  without (■) and with (△) NH3 nitridation. The inset displays the 

corresponding plots of Jg versus Vg before and after PDA at 600 °C.  
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Fig. 2.7 Dependence of the hysteresis width in C–V (1 MHz) sweep on the starting 

accumulation and inversion gate biases; the absence of the hysteresis behavior 

in the gate-bias ranged from 0 to 1 V. 

 

Fig. 2.8 Ge 2p3 XPS spectra of Pt/HfOxNy/Ge capacitors prepared without and with 

NH3 nitridation. Three components were extracted: Ge, GeOx, and GeO2. 
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Fig. 2.9 Ge 3p XPS spectra of Pt/HfOxNy/Ge capacitors prepared without and with NH3 

nitridation. Three components were extracted: Ge, GeOx, and GeO2. 

  

Fig. 2.10 SIMS profiles of HfOxNy thin films deposited on Ge substrates (a) without and 

(b) with Si passivation. The solid lines ( — ) and solid squares ( ■ ) refer to 

the as-deposited samples; the dotted lines ( --- ) and open squares ( □ ) refer to 

the annealed samples (500 °C, 5 min).  
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Fig. 2.11 (a) XPS spectra displaying the Si 2p and Ge 2p core levels for Ge samples 

capped with a Si layer (ca. 8 Å) before ( ■ ) and after ( □ ) deposition of the 

HfOxNy high-k film. (b) Ge 2p spectra of Pt/HfOxNy/Ge gate stacks before 

(solid symbols) and after (open symbols) dielectric annealing at 500 °C for 5 

min. Note that the lowest curve ( ＊ ) indicates that no Ge was incorporated 

into the high-k film when thermal processing—PDA and PMA—was not 

undertaken.  
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Fig. 2.12 Bidirectional sweep (1 MHz) C–V curves of Pt/HfOxNy/Ge gate stacks lacking 

and containing a Si capping layer. HfOxNy was the as-deposited thin film and 

the capacitors were only subjected to 400 °C PMA. 

 

Fig. 2.13 Schematic energy band diagram displaying the charge trapping model for a 

Pt/HfOxNy/GeOx/Ge gate stack upon (a) sweeping from the inversion bias (Vg 

= VFB – 1 V) and (b) sweeping from the accumulation bias (Vg = VFB + 1 V). 

Note that the value of VFB was ca. 0.5 V. 
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Chapter 3 

Atomic-Layer-Deposited Al2O3 Dielectric Films          

on Bulk Ge Substrates  

3.1  Introduction  

High-k Al2O3 is considered a potential alternative gate dielectric material on Si substrates 

for application to metal oxide semiconductor field effect transistors (MOSFETs) because of 

its wide bandgap energy (ca. 8.8 eV), large conduction/valance band offsets, and high 

thermodynamic stability. Nevertheless, there are several drawbacks affecting the deposition of 

Al2O3 on Si, relative to SiO2, including the low crystallization temperature, the high thermal 

expansion coefficient, and the high densities of negative fixed charges and interface states 

(Dit). Recent progress in the deposition of high-k materials—e.g., the use of deposition 

techniques such as atomic layer deposition (ALD)—has meant that some of these problems 

can be overcome [1]. Several reports have described the characteristics of ALD-Al2O3 

dielectric films grown on Si using trimethylaluminum [TMA, Al(CH3)3] as the precursor and 

H2O as the oxidant because of the excellent ALD mechanism and broad process window [2], 

[3]. In recent years, many investigators have studied the deposition of ALD-HfO2 high-k 

layers on high-mobility Ge substrates [4] using a variety of oxidants [5] in efforts aimed at 

enhancing the driving current in MOSFETs. Meanwhile, various surface preparation 

techniques—e.g., the incorporation of ultra-thin Si [6], [7], AlNx, and GeON dielectric 

interlayers [8], [9], plasma treatment with NH3 or PH3 [10], [11], and chemical passivation  

with (NH4)2S [12]—have been developed to enhance the electrical performance of Ge 

capacitors and transistors [13] because the primary obstacle affecting the fabrication of 

high-k/Ge structures is the presence of GeOx native oxides and their thermal desorption, 
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which debase the Ge device characteristics, e.g., to provide a high value of Dit, a large gate 

leakage current, and severe charge trapping. 

In this chapter, we analyzed the composition and interfacial chemistry of ALD-Al2O3 

dielectrics deposited on bulk Ge substrates at temperatures in the range of 50–300 °C; 

subsequent thermal processing strongly influenced the structural stability and electrical 

properties of the Al2O3/Ge system. Interestingly, an uncommon electrical characteristic—fast 

minority carrier response—has been manifested during electrical measurements of Ge MOS 

capacitors; its variation with respect to the interface state response is also a noteworthy issue 

that requires clarification. In fact, many years ago, Nicollian and Brews [14] foresaw that it 

would be possible to observe a low-frequency (LF) C–V curve for a narrow-gap material, such 

as Ge, at the standard high-frequency (HF) used for traditional Si because of the higher 

intrinsic carrier concentration (ni). Such minority carrier characteristics for capacitors 

deposited on Si substrates have been established, correlated to the effects of the temperature, 

doping concentration, and impurity contamination, but similar studies using Ge substrates 

remain rare [15]–[17]. The influences of the doping concentration and the substrate type on 

this anomalous C–V behavior have been discovered in high-k/Ge MOS capacitors [9], [18]; 

the fundamental mechanisms were clarified through fitting of MOS equivalent circuit models 

[15], [16] and measurements of Arrhenius-dependent conductance properties [17], 

respectively. In the second part, we utilized a two-dimensional MEDICI numerical simulator, 

accompanied by theoretical calculations, to investigate the minority carrier response 

comprehensively—as functions of the doping concentration, measured frequency, and 

temperature—in terms of the electrical properties of Ge and Si MOS capacitors. We have also 

examined the underlying mechanistic differences through practical admittance measurements 

of ALD-Al2O3 thin films on both types of Ge substrates. 
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3.2  Experimental Procedures and MEDICI Simulation Program  

3.2.1 ALD-Al2O3 Growth and Capacitor Fabrication 

The p-Ge substrate had a doping concentration of ca. 2 × 1015 cm–3 (resistivity ca. 2 

Ω·cm). All wafers were pre-cleaned through a cyclic rinse with dilute hydrofluoric acid and 

deionized water. The Al2O3 thin films were grown on the bulk Ge at substrate temperatures of 

50, 100, 200, and 300 °C, respectively, while maintaining the chamber pressure at 10 torr in 

the ALD system. Al(CH3)3 and H2O were chosen as the Al metal source and oxidant, 

respectively; they were pulsed alternately into the reactor for 1 s per pulse, separated by a N2 

purge of 10 s to remove redundant reactants. Next, a 700-Å-thick layer of Pt was deposited 

using a sputtering system to pattern the capacitor electrode through the shadow mask. Two 

post-thermal processes were tested: (i) rapid thermal annealing (RTA) at 400 or 600 °C in a 

N2 ambient for 30 s and (ii) forming gas annealing (FGA) at 300 °C in a H2/N2 (10%) mixed 

ambient for 30 min. Finally, a thermal coater Al was deposited as the backside contact. 

Optical microscopy revealed that the gate capacitance area was ca. 4 × 10–4 cm2. 

Physical analyses—high-resolution transmission electron microscopy (HRTEM), 

secondary ion mass spectroscopy (SIMS), grazing-incidence x-ray reflectivity (GI-XRR), and 

x-ray photoelectron spectroscopy (XPS)—were performed to investigate the as-deposited 

Al2O3/Ge structure and its compositional variation after thermal annealing. The GI-XRR 

system employed parallel collimated and monochromatic beams (Cu Kα radiation; λ = 1.5406 

Å) and a scanned angle ranging from 0 to 7600 arc-seconds. The reflected X-ray signal was 

analyzed using a commercial Bede REFS Mercury software package based on the 

four-layered stack model; the available data in experiments were applied to minimize the cost 

function χ2 and more accurately extract all the parameters during curve fitting. For XPS 

analysis, an Al Kα excitation source operating at 1486.6 eV was employed to collect the 
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photoelectrons at a take-off angle of 60° with respect to the surface horizontal. These 

measurements allowed us to examine not only the density and stoichiometry of the Al2O3 

dielectric films but also the interfacial GeOx chemistry and thermal diffusion behavior within 

the high-k dielectric. For electrical characterization, the parallel capacitance–voltage (C–V), 

parallel conductance–voltage (G–V), and gate leakage (I–V) behavior of Pt/ALD-Al2O3/p-Ge 

MOS structures were measured. Nicollian and Goetzberger’s conductance method considering 

the fluctuation of surface band bending was used to determine the value of Dit [14]. 

For understanding the minority-carrier behavior in Ge MOS capacitors, we prepared p- 

and n-type Ge wafers that were doped with Ga and Sb dopants at levels of ca. 2 × 1015 and ca. 

1 × 1014 cm–3, respectively. The Si wafer having a standard doping concentration of ca. 1 × 

1016 cm–3 was also studied for comparison. All wafers were pre-cleaned through a cyclic rinse 

with dilute hydrofluoric acid and deionized water. Here, the ALD-Al2O3 high-k layer was 

deposited at 100 °C, in which the physical thickness was ca. 64(±2) Å according to the 

established growth rate of ca. 1.06 Å/cycle. Pt and Al metals were deposited as the top and 

bottom capacitor electrodes, respectively. In final, the entire MOS structure underwent 300 °C 

FGA for 30 min. The parallel-mode C–V and G–V characteristics were measured and they 

were corrected by excluding the series resistance and parasitic components [19]. The 

temperature- and frequency-dependent electrical curves in depletion and weak inversion were 

investigated to explore the minority carrier response mechanisms. 

3.2.2 MEDICI Simulator 

The computer simulation program MEDICI has been employed to predict the 

semiconductor device properties of several electronic structures, including HEMTs [20], 

MOSFETs [21], silicon oxide high-k oxide silicon (SOHOS) [22], photo-detectors [23], and 

junction diodes [24]. By solving the Poisson equation and the continuity equations 
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self-consistently in MEDICI, we can simulate the admittance properties of MOS structures 

containing SiO2 (30 Å) and Al gates to examine the minority carrier characteristics in Si and 

Ge. In addition, MEDICI makes it possible to perform simulations at relatively high 

frequencies and low temperatures by providing the appropriate physical models and 

parameters. Most importantly, the contributions of the interface states to both the capacitance 

and conductance loss at depletion can be omitted, which is beneficial to the analysis of 

admittance-voltage data in the inversion region. Apart from a large difference in the value of 

the energy bandgap for these two substrates, both the carrier lifetime and mobility, which are 

dependent on the carrier concentration and temperature, are critical in determining the 

minority carrier generation behavior. Moreover, the bulk trap level at midgap was assumed 

for both substrates. 

 

3.3  Temperature-Dependent Growth of ALD-Al2O3/Ge Films 

3.3.1 Temperature-Dependent Al2O3 Thicknesses  

The TEM images in Figs. 3.1(a)–(d) reveal that the thicknesses of as-deposited Al2O3 

thin films on Ge substrate were dependent on the deposition temperature (Tdep); they were ca. 

53, 62, 70, and 48 Å after 60 deposition cycles at values of Tdep of 50, 100, 200, and 300 °C, 

respectively. The Al2O3 exhibited an amorphous phase in these samples, but we did not 

observe the existence of an obvious interfacial layer; nevertheless, the oxygen atoms are 

likely to react with the Ge substrate surface during deposition, probably in the form of GeOx 

species, because Ge is readily oxidized. A blurred oxide–substrate interface became apparent 

upon increasing the value of Tdep to above 200 °C, presumably correlating with the interfacial 

GeOx desorption; the detailed surface chemistry is discussed in the following sections 

describing the XRR and XPS analyses. Fig. 3.2 displays a plot of the corresponding 
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ALD-Al2O3 deposition rate on Ge determined in this study, together with those on Si as 

reported by Ott et al. [2] and Groner et al. [3]; the results indicate similar ALD growth 

behavior with respect to the value of Tdep. Meanwhile, these experimental data were simulated 

well using our proposed ALD model [25], suggesting that the growth mechanism was mainly 

determined by the activation energy in Al2O3 chemical reactions at low temperatures and by 

the adsorption coverage of AlOH* or Al(CH3)* reactive species at high temperatures. These 

two effects ensured that the growth rate achieved a maximum at a critical temperature (Tmax); 

in our case, the value of Tmax was ca. 170 °C, close to the value (ca. 175 °C) reported by Ott et 

al., but higher than that (ca. 125 °C) observed by Groner et al. The resultant shift of the value 

of Tmax was correlated to differences in the chemisorption energy required for Al2O3 

deposition as well as the desorption rate of formed surface species; further details of this 

behavior are described elsewhere [25].  

3.3.2 Composition Analyses 

Fig. 3.3(a) compares the XRR curves of Al2O3/Ge samples deposited at 50 and 300 °C. 

The four-layer model of the Al2O3/GexAl1–xO/GeO2/Ge gate stack fit the measured curve 

nearly perfectly; note that the presence of a GexAl1–xO interlayer—arising from intermixing of 

Al2O3 and GeO2—had to be considered into the model for accomplishing an excellent fit to 

the curve. The oscillation frequency is determined primarily by the thickness of the overlying 

Al2O3 film, and the oscillation amplitude is very sensitive to the variation in roughness 

between the top surface and the deposited interface. The 300 °C-Al2O3 on Ge substrate 

exhibited a slower oscillation frequency with a higher amplitude variation, reflecting its 

thinner Al2O3 film and rougher Ge interface, with respect to those of the substrate prepared at 

50 °C. Note that the top surface roughness (<3 Å) was similar in all samples. We also 

observed that the peak positions of the maxima shifted with the incident angle in these two 
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samples, a typical effect of the Al2O3 density changing with the value Tdep. Indeed, the film 

density increased from ca. 3.3 g cm–3 to ca. 3.7 g cm–3 [Fig. 3.3(b)]. Compared with the high 

density (3.97 g cm–3) of crystalline α-Al2O3 [26], the density of each as-deposited Al2O3 film 

was indeed closer to those reported for γ-Al2O3 or amorphous alumina (3.5–3.7 g cm–3) [26], 

[27]. The lower densities of the Al2O3 films observed upon decreasing the value of Tdep arose 

mainly from the thermally activated reaction kinetics dominating at lower 

temperatures—especially because we used TMA and H2O in the ALD process, which caused 

an increase in the levels of H, OH, and C impurities in films. Using forward recoil 

spectrometry (FReS), the hydrogen concentration in ALD-Al2O3 has been observed to 

increase upon decreasing the value of Tdep from 175 to 35 °C [3]. SIMS analyses (Fig. 3.4) 

provided further evidence for a relatively large carbon concentration within the main Al2O3 

prepared at temperatures below Tmax, i.e., <200 °C. When excess O atoms or the C/H 

contaminants were present within the Al2O3—probably in the form of aluminum hydroxide 

[Al(OH)3] and aluminum oxy-hydroxide, the densities of which are 2.42 and 3.44 g cm–3, 

respectively [28]—the film density was lowered accordingly. 

Figure 3.3(c) depicts the respective thicknesses of main Al2O3, mixed Al2O3–GeO2, and 

interfacial GeO2 layers after 60 deposition cycles as a function of Tdep; at first, the overall 

XRR thicknesses were close to the TEM observations. Interestingly, as the value of Tdep 

increased from 50 to 300 °C,  the thickness of the underlying GeO2 layer decreased 

gradually from ca. 5 Å to below 1 Å, whereas that of the intermediate GexAl1–xO layer 

increased dramatically from ca. 1 Å to ca. 14 Å, accompanied by increased roughness 

between the GeO2 layer and Ge substrate. These structural degradations became severe at 

temperatures above 200 °C, implying that, during ALD deposition, the poorly oxidized GeOx 

species at the surface were less stable and probably diffused into the top Al2O3 at higher 

values of Tdep, leading to more severe dielectric intermixing and degraded interfacial 

roughness. Seo et al. speculated that similar behavior occurred during the growth of HfO2 thin 
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films on Ge substrates using molecular beam epitaxy (MBE) [29]; they observed that the 

surface GeOx species possibly dissolve in HfO2 at a growth temperature of 360 °C. 

Next, we examined the relevance of the Al 2p and O 1s photoemission spectra, in 

particular their peak energy spacing; Fig. 3.5(a) provides an example for the as-deposited 

Al2O3/Ge. The value of the energy spacing was ca. 456.95 eV, close to the value of 457 eV for 

sapphire, but we did not observe a correlation between the energy spacing and the deposition 

temperature because the chemical shift was within 1 eV. Therefore, we further investigated 

the stoichiometry of the temperature-dependent grown Al2O3 before and after rapid thermal 

processing [Fig. 3.5(b)]. Two noteworthy features are that (i) the O/Al composition ratio 

gradually achieved the ideal value of 1.5 upon increasing the value of Tdep to 200 °C, but it 

increased to 1.65 at 300 °C, and (ii) a more-stoichiometric film was formed after subsequent 

RTA. We can explain the variation of the O/Al composition ratio reasonably in terms of the 

controlled growth mechanism. As we mentioned earlier, raising the value of Tdep led to 

redundant oxygen-based radicals being expelled from the deposited films, which in turn 

suppressed the oxygen content and, thus, improved the Al2O3 stoichiometry. Above Tmax (ca. 

185 °C), the deposition process relies strongly on the presence of AlOH* or Al(CH3)* reactive 

sites because of the lower adsorption rate. In other words, a relatively higher H2O 

concentration exists close to the surface at higher Tdep, presumably leading to the 

oxygen-excessive Al2O3 film observed when Tdep was 300 °C. Similar tendency was also 

characterized in the electrical permittivity that are ca. 5.1, 6.2, 7.9, and 5.8 for as-deposited 

Al2O3 films grown at Tdep of 50, 100, 200, and 300 °C, respectively; a relatively higher value 

was obtained at 200 °C. Furthermore, we suggest that high-temperature annealing provides 

additional thermal energy, acting as an external driving force, to return these as-deposited 

Al2O3 samples to their stable, stoichiometric phase. 

On the other hand, GeOx out-diffusion after thermal annealing is a critical issue in the 

preparation of high-k/Ge structures. Surface-sensitive Ge 2p3/2 spectroscopy [Fig. 3.6(a)] 
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revealed that no Ge oxides diffused into the top of the Al2O3 dielectric after 400 °C RTA, but 

the bulk-sensitive Ge 3d spectrum (inset) revealed an increased GeOx/Ge intensity ratio, 

indicative of GeO2 growth near the lower interface. When we increased the RTA temperature 

to 600 °C, we detected a small peak corresponding to GeO2 in the Ge 2p3/2 spectrum along 

with a reduced GeOx/Ge ratio in the Ge 3d spectrum. We speculate that the balance between 

two competing processes—oxide growth and oxide desorption, which are strongly dependent 

on both the temperature and oxygen concentration—determines the amount of residual Ge 

oxide and its distribution. Because we used a N2 ambient as the feed gas, oxide desorption 

(rather than oxide growth) should dominate the thermal reaction mechanism. Together with 

the finding that the critical temperature of GeO desorption was in the range of 360–425 °C 

[30], [31], it is probable that GeO2 continued to grow at ca. 400 °C due to the presence of 

some residual oxygen in the N2 ambient, but it most likely desorbed at the higher temperature 

of 600 °C. In Fig. 3.6(b), the Al2O3/Ge deposited at a lower temperature of 50 °C exhibited 

results similar to that deposited at 100 °C after RTA; moreover, the higher-temperature Al2O3 

samples appeared to display lower resistivity in GeOx incorporation. Note that the calculated 

value of the GeO2 atomic concentration in Al2O3—based on a standard sampling depth of ca. 

30 (±4) Å for the Ge 2p3/2 spectrum—might be affected by different Al2O3 overlaying 

thicknesses in these samples. Here, the GeO2 concentration remained low (<1.0 at.%) in all 

cases. In view of the earlier XRR examination, the as-deposited Al2O3/Ge structures displayed 

an increased GexAl1–xO intermixing phenomenon, especially at temperatures up to 200 °C. 

Therefore, we conclude that high-temperature annealing is likely to cause interfacial GeOx 

volatilization on the bottom of the Al2O3 dielectric with a small degree of Ge incorporation. It 

was suspected that Al2O3/Ge capacitors undergoing RTA at 600 °C might suffer from resultant 

dielectric intermixing, as in the case of the high-Tdep systems (≥200 °C); indeed, both the 

interface quality and the leakage current characteristics deteriorated (data not shown). These 

experimental findings agree with those of previous studies suggesting that the volatilization of 
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gaseous GeO into high-k layers degrades the insulator properties [6], [32]. 

3.3.3 Effect of Forming Gas Annealing on Electrical Characteristics 

The physical analyses described above suggested that Al2O3 ALD films grown on p-Ge 

substrates at the Tdep range of 100–200 °C should exhibit improved dielectric and interfacial 

qualities. Thus, we studied the electrical properties of Ge MOS capacitors incorporating Al2O3 

deposited at 100 °C; Fig. 3.7(a) depicts the multi-frequency C–V curves recorded before and 

after FGA at 300 °C. Note that the C–V sweep direction presented here was from strong 

inversion to strong accumulation, and that the as-deposited Al2O3 thickness increased to ca. 

80 Å in this case. For the as-deposited sample, we observed C–V stretch-out behavior along 

with humps that emerged in the depletion and weak inversion regimes, arising from the onset 

of surface slow states. Subsequent FGA processing improved the quality of the Al2O3–Ge 

interface, such that the C–V curves reached full accumulation saturation with a deeper “dip” 

in depletion, i.e., the deviation of the 1 kHz curve was diminished with respect to that of the 1 

MHz curve. Another noticeable phenomenon is the significant frequency dispersion in the 

strong inversion region, which is consistent with a high intrinsic carrier concentration and a 

large density of bulk traps close to the midgap in Ge; consequently, fast accumulation of 

minority carriers could occur at the Ge surface [17]. Vanhellemont and Simoen reported that 

metal impurities—in particular Fe and Ni—are responsible for these deep levels, with a trap 

energy of ca. 0.3 eV within the bandgap [33]. From electrical characterization, the trap density 

was estimated to be ca. 1015–1016 cm–3 in the bulk Ge substrate [16]. Fig. 3.7(b) provides a 

comparison of the I–V characteristics; the inset presents the bi-directional sweep of the C–V 

curves. At a similar value of the capacitance equivalent thickness (CET), the value of Jg and 

the degree of charge trapping were both reduced after FGA; we attribute these improvements 

to the resultant passivation of the interfacial traps. 
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The common approaches toward extracting the value of Dit for Si MOS 

capacitors—namely the Terman [34], high–low frequency capacitance [35], and conductance 

[12] methods—cannot be fully applied to Ge devices because carrier exchange between the 

interface states and the minority-carrier band edge influences the Dit extraction in the weak 

inversion regime [16]. Here, the statistical conductance model was utilized to evaluate the 

energy distribution of Dit only within the limited gate biases. Fig. 3.8(a) provides a plot of the 

conductance (Gp/w) as a function of the measured frequency (fm) for the as-deposited 

Al2O3/Ge capacitor under gate biases ranging from 0.2 to 0.7 V, i.e., where the device biased 

from depletion to weak inversion. During the Dit extraction, only the conductance peak having 

the shoulder near the higher frequency side was fitted well. Most importantly, two interesting 

features appeared upon increasing the positive gate bias: (i) the Gp/w peak increased in 

intensity gradually and moved to lower frequency and (ii) the plateau in the range 1–10 kHz 

had higher magnitude. As it is well known, two main physical mechanisms are responsible for 

the onset of the ac conductance loss peak: (i) the carrier transition between the interface states 

near the Fermi level and the majority-carrier band edge, which certainly dominates at gate 

bias in depletion, and (ii) the dark current of the minority carriers that charge the inversion 

layer; they arise not only from the bulk traps within the depletion layer but also from the 

diffusion current from the bulk semiconductor. Based on the observation that the generation 

and recombination of the bulk traps over the diffusion mechanism contributed to the main 

minority-carrier current at temperatures below ca. 45 °C [17], we suppose that in the weak 

inversion region the competition between bulk trap loss and interface state loss is intense. The 

resultant shift of the gate bias-dependent Gp/w peak reflected the fact that charging and 

discharging of the interface traps should dominate these energy losses. On the other hand, as 

for the conductance plateau observed on the lower frequency side (1–10 kHz), Evangelou et 

al. successively simulated this anomalous behavior using the continuum Dit model 

accompanying the tunneling effect of the majority carriers from the semiconductor surface to 
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the bulk oxide defects [35]. We suspect, however, that the insensitive conductance loss should 

be strongly related to the intrinsic properties of Ge; studies of temperature- and doping 

concentration-dependences are currently under investigation. 

In terms of the frequency-dependent conductance peaks, Fig. 3.8(b) reveals the change 

in Dit after thermal processing. The value of Dit of the as-deposited sample was ca. 4 × 1012 

cm–2 eV–1; it increased to ca. 2 × 1013 cm–2 eV–1 after RTA at 600 °C, but decreased to ca. 5 × 

1011 cm–2 eV–1 after FGA at 300 °C, indicating that the low-temperature FGA did help to 

repair the high-k–Ge interface [36]. The in-diffused hydrogen possibly filled the existed 

defects inside poor-quality GeOx between high-k/Ge interface [37]. In addition, as is evident 

in Fig. 3.8(c), the employed value of Tdep was also a determining factor affecting the quality 

of the interface between the grown Al2O3 and Ge. Apparently, the value of Dit increased to 

greater than 1013 cm–2 eV–1 when Tdep was 200 and 300 °C, showing consistency with the 

results of appreciable interfacial dielectric intermixing. In other words, it is essential to protect 

the Ge devices from GeOx formation and volatilization under either higher-temperature 

deposition or higher-temperature post-thermal processing to achieve the optimal electrical 

performance. 

 

3.4  Minority Carrier Response Behavior of Ge MOS Capacitors  

3.4.1 Equivalent Circuit Model and Concept of Conductance Method  

Measurements of the MOS device can be modeled using the equivalent circuit presented 

in Fig. 3.9(a), where Cins is the insulator capacitance and Cacc, Cdep, and Cinv are the 

semiconductor capacitances in accumulation, depletion, and inversion, respectively. This 

model also incorporates the effects of interface traps located between the insulator and 

semiconductor. Because interface traps follow the Shockley–Read–Hall (SRH) model, the 



 51

kinetics of the generation/recombination (g-r) of interface states are represented by the 

associated conductances, Gcit and Gvit, connected to the respective conduction- and 

valance-band edges in p-type materials. In addition to the energy loss associated with the 

capture and emission of carriers, there is a capacitance (Cit) that is proportional to the 

interface state density (Dit). In depletion, Gvit would be greater than Gcit in the weak depletion 

of a p-type material because of the neglected contribution of minority carriers to the 

charging/discharging of Dit. Based on the assumption that only majority-carrier density effects 

are important in depletion, the complete equivalent circuit can be simplified to the equivalent 

circuit presented in Fig. 3.9(d). For analyses, we have modified such a single-level trap model 

into a more realistic case of a continuous and random distribution of Dit within the bandgap. 

Figure 3.9(e) displays the simplified equivalent circuit for the MOS device when 

entering the inversion regime. In contrast to the depletion region, the bulk traps, the g-r, and 

the diffusion of minority carriers all contribute to the dark current that charges the inversion 

layer. The value of Ginv is the equivalent conductance of the parallel combination of g-r 

conductance (Ggr) and diffusion conductance (Gdiff), where Ggr is due to the finite g-r within 

the depletion layer through bulk traps and Gdiff is due to the diffusion current of minority 

carriers from the bulk to the edge of the depletion region. At lower temperatures, Ggr is more 

significant [14], [38] and can be expressed using the equation 

1S T

g r iG q n w
A φ τ

=                          (3.1) 

where Sφ  and w are the surface potential and depletion layer width in inversion, respectively, 

and Tτ  is the SRH lifetime determined by the density of g-r centers and the capture 

coefficients for electrons and holes, respectively. As the temperature increases further, Gdiff 

becomes dominant because of the increasing function of ni
2 [14], [38], as revealed by the 

following equation: 
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where Nmaj is the substrate doping concentration and Lmaj ( mirτ ) and mirμ  are the diffusion 

length (lifetime) and mobility of minority carriers in the bulk material, respectively. To 

correctly observe the temperature dependence of the minority-carrier response behavior, all of 

the parameters are a function of the temperature in calculations, except for Tτ , because of the 

weakly temperature dependence. Note that the equivalent circuit biased in strong inversion is 

often simplified for the Si case in terms of wCinv >> Ginv, but this assumption cannot be fully 

adopted for Ge; the details are discussed below. 

The conductance technique is suitable for evaluating the characteristics of interface and 

bulk traps in depletion and inversion; identical equivalent circuits were found: the 

semiconductor admittance consists of the Cdep shunted by the series combination of one 

capacitance and one conductance. Therefore, in depletion, itτ = Cit/Git is defined as the time 

constant related to the trap-to-band communications; in inversion, invτ = Cinv/Ginv is the 

minority carrier response time. Moreover, the commonly used parallel equivalent circuit is 

converted into the equivalent circuit in Fig. 3.9(b) by subtracting the reactance of the 

insulator capacitor Cins to analyze the semiconductor admittance directly. Through a plot of 

Gsub/f versus log f for various gate biases, we can examine the interfacial and bulk properties 

from the changes of maximum position and height of the Gsub/f peak.  

3.4.2 MEDICI-Simulated and Measured Electrical Characteristics 

Figures 3.10 and 3.11 present the simulated C−V and G−V characteristics of Al/SiO2 

gate stacks on p-Si and p-Ge substrates at various temperatures. It was observed that the 

dielectric on Si [Fig. 3.10(a)] obviously presented the LF C−V curves only when raising the 

temperature up to 400 K and reducing the frequency to as low as 100 Hz. In contrast, such LF 
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curves occurred readily at 300 K for Ge systems in which the doping concentrations were 1016 

and 1014 cm–3 [Figs. 3.10(b) and 3.10(c), respectively]. We observed the minority carrier 

behavior even at higher frequencies, e.g., 1 MHz, in the low-doped Ge. On the contrary, the 

complete HF C−V curves appeared only in the high-doped Ge at temperatures as low as 250 K. 

By examining the simulated conductance Gmea in the Si case [Fig. 3.11(a)], the inversion 

conductance Ginv revealed a frequency independence up to 100 kHz; the values increased by 

ca. two orders of magnitude as we increased the temperature from 300 to 400 K. From Figs. 

3.11(b) and 3.11(c), the Ge counterpart reveals two distinct features: the Ginv characteristics 

measured at low temperature (250 K) were identical to those in Si at high temperature (400 K); 

upon increasing the temperature to 350 K, the value of Ginv became proportional to the square 

of the angular frequency ω, similar to the curves observed in accumulation [Fig. 3.9(c)]. The 

resultant w2-dependence of G−V curves implied the similar equivalent operation circuits in 

both accumulation and inversion for Ge MOS capacitors at higher temperatures, e.g., >300 K. 

The electrical differences in inversion between Ge and Si are dependent on the values of Gmea, 

which are dominated by either of the terms Ginv or ωCinv, which are strongly correlated to the 

measured temperature, frequency, and properties of the substrate material. We will understand 

the minority-carrier conductance loss further through theoretical calculations of these two 

components, together with the following experimental findings. Note that the absence of 

interface states was assumed in simulation; hence, they did not contribute to the energy loss, 

thereby causing the onset of a deeper “dip” in depletion. 

Figures 3.13 and 3.14 display the measured C−V and G−V characteristics of 

Pt/ALD-Al2O3 gate stacks deposited on p-Ge and n-Ge substrates, respectively (the measured 

curves of the p-Si MOS capacitor in Fig. 3.12 were used as a reference). First, as illustrated in 

Figs. 3.13(a)–(c) and 3.14(a)–(c), the minority carrier response occurred in C−V inversion for 

both types of Ge. Through plots of the temperature dependence of 1-MHz C−V curves [Figs. 

3.15(a) and 3.15(b)], we observe that increasing the measured temperature to 100 °C 
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accelerated the overall response rate pronouncedly. Besides, the low-doped (1014 cm–3) n-Ge 

also exhibited a faster rate with respect to p-Ge (2 × 1015 cm–3), which we attribute to the 

resultant high minority-carrier concentration. On the other hand, unlike the exponential 

decline of the conductance curves in inversion for Si MOS capacitors, Figs. 3.13(d)–(f) and 

3.14(d)–(f) display gate-bias-independent values of Ginv in Ge with a more severe frequency 

dispersion upon increasing the measured temperature. Meanwhile, the temperature-dependent 

G−V curves in Figs. 3.15(c) and 3.15(d) indicate that the values of Ginv increased upon raising 

the temperature up to 60–70 °C, but then they deceased again. We attribute this phenomenon 

to the effects of the external conductance Gext at higher temperatures, resulting in the lower 

values of Ginv.  

3.4.3 Minority Carrier Response Characteristics 

Figure 3.16(a) provides an analysis of the simulated Arrhenius-dependent substrate 

conductance Gsub in Si and Ge at various dopant concentrations (1014 and 1016 cm–3), plotted 

with experimental data obtained from this and previous studies. The simulated values of Gsub 

in inversion, i.e., Ginv, can be divided into two stages: one dominated by Gdiff at high 

temperatures and the other by Ggr at low temperatures. Most importantly, the values of Ginv of 

the dielectric on Ge were larger than those on Si by at least four orders of magnitude, 

indicative of a larger energy loss occurring in Ge. Both our data for Al2O3/p-Ge and those 

reported for HfO2/n-Ge are in agreement with the simulation results for the SiO2/p-Ge 

structure. Using eqs. (3.1) and (3.2), we evaluated the respective components of Ggr and Gdiff 

in Ginv for these two substrates. We assumed a high bulk trap volume density (NT) of 1015 

cm–3 in Ge, relative to a value of 1014 cm-3 in Si, because Ge wafer quality has not yet 

developed to a satisfactory level. Fig. 3.16(b) reveals that the crossover temperature (TC) at 

which the transition is made from the g-r mechanism dominating to the diffusion-controlled 
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process was ca. 330 K for p-Ge, close to the value of ca. 318 K characterized for high-k/n-Ge 

(ND = ca. 7 × 1014 cm–3) [17]. Relative to the value of TC of ca. 442 K for its Si counterpart, 

we ascribe the lower value for Ge to its higher value of ni. Here, deviations in the values of 

the Ginv evaluated via the MEDICI simulations and the theoretical calculation arose from the 

adopted material parameters, e.g., the NT value. We also calculated the magnitude of the wCinv 

term, where Cinv is defined using Eq. (3.3) [14], for comparison with the values of Ginv in 

these two substrates. 

  ( )
22

S

D

o i
inv
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s n qC exp
N kTL

ε ε φ−
=                    (3.3) 

where sε  is the substrate dielectric constant, DL  is the Debye length, and Sφ  is equal to 

2 Bφ  at the threshold inversion point ( Bφ  is the bulk potential). The calculations revealed that 

wCinv >> Ginv for the Si case at temperatures up to ca. 400 K; thus, the equivalent inversion 

circuit in Fig. 3.9(e) is often simplified further so that the depletion capacitance Cdep changes 

in parallel only with the Ginv term. This conclusion is only suitable for the Ge counterpart 

when the temperatures decrease below ca. 250 K; meanwhile, the opposite behavior, wCinv << 

Ginv, occurs at temperatures above ca. 350 K. That is to say, at intermediate temperatures 

(250–350 K), the minority carrier response in Ge MOS capacitors is strongly dependent on 

the measured temperature and frequency. 

Here, we define the effective transition frequency ftran—at which the capacitance in 

inversion is midway between Cins and the HF capacitance Chf—as marking the onset of the LF 

C−V behavior. Our experimental data for ftran observed in Al2O3/p-Ge (Fig. 3.13) were within 

the MEDICI-simulated predictions in Fig. 3.17(a). The fast response rates in the Ge 

capacitors corresponded to higher values of ftran: ca. 5 and 200 kHz at RT for Ge doped at 1016 

and 1014 cm–3, respectively. Higher degrees of substrate doping and lower measured 

temperatures lowered the order of ftran accordingly, due to abatement of minority carrier 

disturbance. From these studies, we conclude that two energy loss mechanisms, Ggr and Gdiff, 
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are responsible for the supply of minority carriers to the inversion layer, providing LF-like 

C–V properties in the kilohertz regime. Previously, Bai et al. reported an interesting 

phenomenon in HfO2/p-Ge [9]: an increase in the degree of substrate doping from 1015 to 4 × 

1017 cm–3 reduced the value of ftran from greater than 100 kHz to less than 10 kHz. Upon 

increasing the Ge concentration to 3 × 1018 cm–3, however, the value of ftran increased again to 

greater than 1 MHz, which is opposite to the trend that we expected. To explain this 

anomalous behavior, we correlated the value of ftran to the changes in Ginv using the following 

equation [14]: 

(1 )
2

hfinv
tran

ins ins

CGf
C Cπ

= −                       (3.4) 

using a value of Cins of 1.11 μF/cm2 as in our Al2O3/Ge cases, i.e., corresponding to the 

capacitance-equivalent-thickness (CET) of 30 Å, and with the assumption that the number of 

bulk traps was proportional to the dopant concentration. We observe in Fig. 3.17(b) that Ge 

doped at 1018 cm–3 exhibited a relatively high value of ftran with respect to that of the 

low-doped Ge. Considering that values of NT ranging from ca. 1014 to 1016 cm–3 have been 

reported for an intrinsic Ge epitaxial film [16] and low-doped Ge substrates [33], [39], 

together with a maximum solid solubility of ca. 1019 cm–3 for p-type dopants, we suspect that 

the highly doped p-Ge wafer might contain a large number of mid-gap traps (e.g., 1017–1019 

cm–3) inside the depletion layer, possibly arising from high degrees of Fe and Ni metal 

impurities [33], dopant precipitation, and/or metal-dopant combined defects. In reality, the 

density of bulky defects is governed not only by the wafer type and contamination by 

impurities but also by the device’s fabrication [18], [40], in particular the dielectric–Ge 

interface, which in turn influences the degree of minority carrier response on the measured 

frequency. In other words, the magnitude of Ggr is probably comparable with that of 

Gdiff—possibly even exceeding it at higher temperatures—but Gdiff still immediately rules the 

inversion conductance Ginv as the temperature increases further.  
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3.4.4 Interfacial State Response Characteristics 

On the other hand, because the device equivalent circuit in inversion is similar to that in 

depletion, it is essential to explore the differences between the minority-carrier-induced loss 

and the interface-state loss with respect to the measured frequency. Thus, we calculated the 

temperature dependence of the interface-state response frequency (fit) as a function of the 

surface potential using the following equation [14]: 

   

( )Scap ith
it

v n qf exp
kT

σ φ
π

−
=                      (3.5) 

where thv  is the thermal velocity and capσ  is the capture cross section. Supposing that the 

standard measured frequency in the range 103–106 Hz, as depicted in Fig. 3.18(a), we can 

detect Dit close to the midgap in Ge only at values of fit greater than 105 Hz, quite different 

from the Dit response observed as low as 103 Hz in Si. This conflicting behavior can be 

understood in terms of the results of the MOS experiments presented in Figs. 3.12–3.14, 

where we observe depletion bumps at frequencies of 1–100 kHz for the Al2O3/p-Si capacitors 

and at 50–1000 kHz for the Al2O3/p-Ge capacitors. In contrast, we did not observe any such 

bump for the corresponding n-Ge case because of the intense minority-carrier loss. The 

calculated results in Figs. 3.18(b)–(c) suggest that continuously decreasing the temperature 

from 300 to 100 K is a practical means of extracting the overall distribution of Dit within the 

Ge bandgap. Such a temperature-dependent conductance method is discussed in detail in a 

recent literature review by Martens et al. [15]. 

Figures 3.19(a)–(f) display the Gsub/f versus log f characteristics for both types of Ge 

under gate biases ranging from the mid-gap to the inversion. We employed the statistical 

conductance model to estimate values of the mid-gap Dit for p-Ge and n-Ge of ca. 7 (±1) × 

1011 and 1.5 (±0.5) × 1012 cm–2 eV–1, respectively. An interesting trend appeared for the 

devices biased into the inversion conditions: the Gsub/f peak gradually moved to lower 
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frequency, accompanied by an increased intensity, and upon raising the temperature; as a 

consequence, the overall conductance spectra shifted to higher frequency. Because of the 

presence of a high minority carrier density, this phenomenon reveals that we must consider 

the communication of interface traps not only with majority carriers but also with minority 

carriers in Ge MOS capacitors. Even so, we still believe that such a shift in the 

frequency-dependent conductance peaks is correlated mainly to the Ginv loss within the 

substrate itself, overwhelming the Dit-induced energy loss in inversion. We rationalize this 

behavior by considering the following observations. First, from the viewpoint of the fit 

calculation, the Gsub/f peaks appear far below 105 Hz, which is irrational for the Dit response 

in Ge devices close to RT. Next, assuming that the transition of surface minority carriers with 

Dit dominates the conductance peaks in inversion, the resultant shorter lifetime in the 

charging/discharging of Dit should shift them to higher frequency, rather than lower frequency, 

upon increasing the inversion biases. In fact, a Λ-shaped distribution in the trap time 

constant across the overall Ge bandgap was observed under a quite low temperature of 80 K 

when employing a full conductance measurement [15], in which the Gsub/f peaks shifted 

initially to lower frequency and subsequently to higher frequency with respect to the gate bias. 

In addition, according to the classical bulk trap model proposed by Nicollian and Brews [14], 

the resultant frequency of the Gsub/f maximum should coincide with the value of ftran observed 

in the C–V curves. Indeed, we observed that the conductance peaks (and values of the ftran) for 

p-Ge capacitors were located at ca. 4 kHz (3 kHz), 20 kHz (15 kHz), and 100 kHz (130 kHz) 

at 20, 40, and 60 °C, respectively, when Vg was equal to 1 V. The trends were also consistent 

for the n-Ge cases. In addition, we estimated the effective values of NT simply from the 

corresponding magnitudes of Gsub/f by evaluating the depletion width swept out by a 2-kT 

band bending; the resulting values of NT for p-Ge and n-Ge were ca. 3.9 × 1015 and 2.5 × 1015 

cm–3, respectively, reflecting high levels of bulky defects existing in these particular Ge 

wafers. 
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3.5  Conclusions 

In Chapter 3, we describe the structural and electrical properties of ALD-Al2O3 thin films 

onto Ge substrates over a wide deposition temperature range (50–300 °C). From GI-XRR and 

XPS, we found that increasing the deposition temperature improved the Al2O3 film density 

and its dielectric stoichiometry; nevertheless, dielectric intermixing between main Al2O3 and 

interfacial GeO2 appeared at temperatures above 200 °C, along with degradation of the 

GeO2/Ge interface. Accordingly, a relatively large Jg and a high density of Dit (>1013 cm–2 

eV–1) were observed as a result of deterioration of the entire Al2O3/Ge structure at higher 

deposition temperatures. In addition, although subsequent high-temperature processing at 600 

°C in a N2 ambient could relieve the oxygen-excessive behavior further, i.e., to provide a 

more stoichiometric film, the accompanying GeOx volatilization close to the dielectric 

interface caused greater damage to the electrical performance. Only low-temperature 300 °C 

FGA improved the C−V characteristics of the Pt/Al2O3/Ge structure, in terms of providing a 

lower value of Dit (ca. 6 × 1011 cm–2 eV–1), a lower value of Jg, and reduced hysteresis width. 

Furthermore, we also present MEDICI simulations of the admittance-voltage properties 

of Ge and Si MOS devices, including analyses of the substrate conductance Gsub and 

high–low transition frequency ftran, to explore differences in the minority-carrier response. The 

Arrhenius-dependent Gsub characteristics revealed that a larger energy loss—by at least four 

orders of magnitude—occurs in Ge than in Si, reflecting the fast minority-carrier response 

rate, i.e., a higher value of ftran. We confirmed that the higher intrinsic carrier concentration in 

Ge, through the generation/recombination of mid-gap trap levels as well as the diffusion 

mechanism, resulted in the onset of LF C–V curves in the kHz regime, accompanying the 

gate-independent inversion conductance. Experimental data obtained from Al2O3/Ge MOS 

capacitors were consistent with the values of Gsub and ftran obtained from the MEDICI 
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predictions and theoretical calculations. In addition, upon increasing the inversion biases, we 

observed shifts in the Gsub/f conductance peaks to low frequencies that arose mainly from the 

transition of minority carriers with bulk traps in the depletion layer. Meanwhile, we estimated 

that bulky defects of ca. (2–4) × 1015 cm–3 exist in present-day low-doped Ge wafers. 
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Fig. 3.1 TEM images of the as-deposited Pt/ALD-Al2O3/Ge structure after 60 

deposition cycles under different values of Tdep. 

 

Fig. 3.2 Growth rates of ALD-Al2O3 films plotted against the value of Tdep for both this 

and previously studies (by Ott et al. and Groner et al.). Solid lines represented 

the simulation of our proposed ALD model [25].  
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Fig. 3.3 (a) Measured and simulated GIXRR curves of the as-deposited Al2O3 (60 

cycles)/Ge structures at values of Tdep of 50 and 300 °C. (b) Extracted Al2O3 

film densities plotted with respect to the value of Tdep. (c) Extracted 

thicknesses of each layer and GeO2/Ge interface roughness plotted against the 

value of Tdep. Note that the modeled XRR structure is the 

Al2O3/GexAl1-xO/GeO2/Ge gate stack.  



 68

 

Fig. 3.4 SIMS depth profiles of carbon second-ion intensity within ALD-Al2O3 (60 

cycles) on Ge substrate deposited at various values of Tdep. The Al and O 

second-ion intensities of the Al2O3 (Tdep = 300 °C)/Ge sample are labeled as a 

reference of the relative depth.  

 

Fig. 3.5 (a) Binding energy difference between the peak positions of Al 2p and O 1s 

core levels for the as-deposited Al2O3 (Tdep = 100 °C)/Ge structure. (b) 

Oxygen-to-aluminum elemental ratios estimated from the respective 

photoemissions of the Al2O3 (Tdep = 50–300 °C)/Ge samples subjected to RTA 

at 400 and 600 °C, respectively.  
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Fig. 3.6 (a) Ge 2p3/2 core level spectra of the Al2O3 (Tdep = 100 °C)/Ge structure before 

and after RTA. Inset: Emission ratio of Ge oxides to substrate extracted from 

the Ge 3d core level. (b) Calculated GeO2 atomic concentration within Al2O3 

high-k dielectric (Tdep = 50–300 °C) grown on Ge substrate before and after 

RTA. 
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Fig. 3.7 (a) Multi-frequency C–V and (b) I–V characteristics of the Pt/Al2O3 (Tdep = 100 

°C)/p-Ge MOS capacitors before and after FGA at 300 °C. Inset: Bidirectional 

C–V curves measured at 100 kHz. 
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Fig. 3.8 (a) Plot of Gp/ω versus the log frequency curves for the as-deposited Pt/Al2O3 

(Tdep = 100 °C)/p-Ge structure under various gate biases. Energy distribution of 

Dit for Pt/Al2O3/p-Ge samples (b) subjected to different thermal processing and 

(c) grown at values of Tdep from 50 to 300 °C. 
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Fig. 3.9 (a) Equivalent circuit of a p-type MOS device, incorporating the effects of 

interface states and minority-carrier dart current, which can be characterized by 

(b) a parallel circuit mode with a frequency-dependent substrate capacitance 

Csub(w) and conductance Gsub(w). Simplified MOS device circuits biased in (c) 

strong accumulation, (d) depletion, and (e) strong inversion.  
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Fig. 3.10 MEDICI-simulated C–V curves of Al/SiO2 gate stacks on Si and Ge substrates 

under measured temperatures ranging from 250 to 400 K: (a) p-Si, 1016 cm–3; 

(b) p-Ge, 1016 cm–3; (c) p-Ge, 1014 cm–3. Note that the measured frequencies 

are labeled by solid symbols: square ( , 1 MHz), circle ( , 100 kHz), 

up-triangle (▲, 10 kHz), down-triangle (▼, 1 kHz), and star (★, 100 Hz).  
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Fig. 3.11 MEDICI-simulated G–V curves of Al/SiO2 gate stacks on Si and Ge substrates 

under measured temperatures ranging from 250 to 400 K: (a) p-Si, 1016 cm–3; 

(b) p-Ge, 1016 cm–3; (c) p-Ge, 1014 cm–3. Note that the measured frequencies 

are labeled by solid symbols: square ( , 1 MHz), circle ( , 100 kHz), 

up-triangle (▲, 10 kHz), down-triangle (▼, 1 kHz), and star (★, 100 Hz). 
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Fig. 3.12 Measured C–V (left-hand y-axis) and G–V (right-hand y-axis) curves of 

Pt/ALD-Al2O3/p-Si MOS capacitors. 

 

Fig. 3.13 Measured C–V (left-hand y-axis) and G–V (right-hand y-axis) curves of 

Pt/ALD-Al2O3/p-Ge MOS capacitors. 
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Fig. 3.14 (a)–(c) C–V and (d)–(f) G–V curves of Pt/ALD-Al2O3/p-Ge MOS capacitors 

measured at temperatures of 20, 40, and 60 °C, respectively. 

 

Fig. 3.15 (a)–(b) C–V and (c)–(d) G–V curves (1 MHz) of Pt/ALD-Al2O3 gate stacks on 

p-Ge and n-Ge MOS capacitors, measured at temperatures ranging from 15 to 

100 °C. 
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Fig. 3.16 (a) Simulated Arrhenius-dependent substrate conductances Gsub in Si and Ge at 

two dopant concentrations (1014 and 1016 cm–3), plotted with the experimental 

data obtained in this and previous studies [14], [17]. The simulated Gsub data 

can be fitted by the diffusion conductances Gdiff (solid lines) and g-r 

conductances Ggr (dashed lines), respectively. (b) Calculations of 

temperature-dependent Gdiff and Ggr in Si and Ge substrates having dopant 

concentrations of 2 × 1015 cm–3. The values of NT were 1014 and 1015 cm–3 in Si 

and Ge, respectively. The values of the wCinv term were also calculated in 

terms of the frequency range 1 kHz–1 MHz. 
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Fig. 3.17 (a) Simulated temperature-dependent transition frequencies ftran in Si and Ge at 

two dopant concentrations (1014 and 1016 cm–3), plotted along with our 

experimental data from Figs. 3.13 and 3.16. (b) Calculated 

temperature-dependent transition frequencies ftran in Si and Ge substrates, 

determined according to the material parameters in Fig. 3.19. Different values 

of NT (1017–1019 cm–3) were assumed for our highly doped Ge system. 
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Fig. 3.18 (a) Calculated response frequency fit of interface states plotted as a function of 

the surface potential Sφ  for Si and Ge capacitors at RT. (b) Temperature 

dependence of the plots of fit versus the Sφ  for the Ge capacitor. The shadow 

region represents the standard frequency range 1 kHz–1 MHz used for 

measurements. (c) Plot of the Sφ  dependence of observable Dit in the Ge 

bandgap at various measured temperatures (within the standard frequency 

range). For comparison, the temperature dependence of the Ge bandgap is 

presented on the right-hand y-axis. 
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Fig. 3.19 Measured values of Gsub/w plotted with respect to the log frequency for 

Pt/ALD-Al2O3 gate stacks on (a)–(c) p-Ge and (d)–(f) n-Ge substrates at 

temperatures of 20, 40, and 60 °C, respectively. 
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Chapter 4 

E-gun Evaporated Gd2O3 Dielectric Films              

on GaAs Substrates  

4.1  Introduction  

GaAs metal-oxide-semiconductor (MOS) devices with different high-k gate dielectrics 

have been of more interest in recent years. Examples of these include the well-known Gd2O3 

[1], Al2O3 [2], TiO2 [3], and Hf-based oxides [4], [5], respectively. The primary bottleneck of 

these high-k/GaAs structures in realizing the practical devices is a large density of interfacial 

states, which causes significant Fermi-level pinning effects, e.g., the low modulation of 

surface potential and other poor electrical properties. The carbon contamination, the native 

oxides, and, in particular, the arsenic element segregation are commonly detected species on 

the GaAs surface [6]. In other words, understanding the chemical bonding configuration at the 

dielectric/GaAs interface is of the utmost importance and its quality also determines the 

device performance since the GaAs surface is likely to debase during the dielectric deposition 

and thermal anneal processing. Several groups have demonstrated several promising capacitor 

and transistor characteristics by performing various surface preparation techniques, mainly 

comprising three aspects of the wet-chemical cleaning, interface passivation, and thermal 

treatment, respectively. Numerous acidic or basic wet solutions have been extensively studied; 

it was found that the amount of impurity contamination and residual components strongly 

depended on the entire cleaning procedures [7]-[9]. Prior to the deposition of the gate 

dielectrics, the passivations of GaAs surface—the sulfide-based immersion [10], [11], the 

silicon/germanium interfacial layer [12]-[14], and the coverage of lattice-matched dielectric 

thin-film [15]—also have been reviewed again in recent years. Additionally, thermal 
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desorption in the high vacuum system especially for the molecular beam epitaxy (MBE) is 

another widely used approach to clean III-V deposited surface [16], [17]. In this session, we 

modified the wet-chemical cleaning and sulfide passivation processes to improve the 

electrical performance of Gd2O3 dielectric thin film deposited on the n-GaAs substrate. Low 

gate leakage, diminutive hysteresis and reduced interface state density can be achieved in the 

fabricated Gd2O3/GaAs structures. 

 

4.2  Experimental Procedures  

MOS structures were fabricated on the highly-doped (~1 x 1018 cm-3) n-type GaAs 

substrates. A series of wet-chemical cleaning processes (WCPs) were applied and listed in 

Table I. Both the HCl and NH4OH aqueous solutions with the same diluted concentration 

(acid or alkaline/H2O, 1:10) was used in GaAs surface clean. Subsequently, the samples were 

dipped into aqueous ammonium sulfide solution [(NH4)2S/DI water, 1:100] at two different 

processing temperatures of RT and 80 °C, respectively, with the fixed immersion time of 5 

min for studying the sulfur bonding states as well as the efficiency of oxide removal. After 

undergoing these WCPs, we measured the roughness variation of GaAs surface morphology 

within the scanning area of 1×1 μm2 by the atomic force microscopy (AFM). Meanwhile, we 

employed x-ray photoelectron spectroscopy (XPS) that Al Kα (hν=1486.6 eV) was used as an 

excitation source and the take-off angle was fixed at 60º in order to understand the surface 

chemistry. High surface-sensitive As 2p3/2 and Ga 2p3/2 core level spectra, after subtraction of 

the Shirley background, were analyzed by least-squares fitting method—the contributed 

components comprised a Gaussian line shape convoluted with a Lorentzian broadening 

function. In addition, for examining the impact of the WCPs on the properties of the resultant 

capacitor, we deposited the Gd2O3 thin film as gate dielectric using electron beam evaporation 

with pure Gd2O3 ingot, followed by performing the post-deposition annealing (PDA) at 500 
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°C for 10 s in Ar/O2 mixed ambient for further condensation. Most importantly, the 

distribution of (Ga,As)2Ox oxides and GaAs-related defects into the high-k dielectric after 

thermal processing was examined. A 600-Å-thick layer of sputtered Pt was patterned as 

circular capacitor electrode via a specific shadow mask; while the backside Ohmic contact 

was formed by e-beam evaporation of In/Pt (300/300 Å) bilayer. The capacitance−voltage 

(C−V) and the gate leakage (I-V) characteristics for the fabricated Pt/Gd2O3/GaAs MOS 

structures were measured using an HP4284 LCR meter and a Keithley 4200 semiconductor 

analyzer system, respectively. The level of fast interface states was evaluated by 

frequency-dependent conductance method, while the capacitance-equivalent-thickness (CET) 

was determined by the value of accumulation capacitance (10-kHz) at gate voltage Vg = 3 V. 

 

4.3  Modified Wet-Chemical Clean and Sulfidization Processes 

4.3.1 Surface Chemistry and Morphology of Cleaned GaAs Substrates  

Figures 4.1 and 4.2 show the respective As 2p3/2 and Ga 2p3/2 photoemission spectra of 

the GaAs surface after four WCPs and all the deconvoluted peaks; the fitting results are 

summarized in Table I. It was seen in Fig. 4.1(a), as compared to the others, that more As 

oxides as well as amorphous As preferred to accumulate on the GaAs surface subject only to 

HCl acidic solution etching. The chlorine ion intends to attack the GaAs surface forming 

soluble gallium chloride [18] and the simultaneously produced As-rich overlayer can then be 

partly oxidized to form As2O3 and As2O5 species on the outmost surface. From the viewpoint 

of thermodynamics, the Ga atoms are more easily oxidized because the Gibbs energy of the 

formation of Ga2O3 (ca. -999 kJ/mol) at RT is lower than that of As2O3 (ca. -576 kJ/mol) [19]. 

However, our experimental observation is obviously contradictory to this prediction. This is 

due to the fact that Gibbs energy is not the sole determining factor but the constituent 
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distribution as well as the oxidized probability also play a big role in the real oxidation 

processing [7]. We, thus, suggest that excess As atoms possibly block the access of chlorine to 

underlying gallium atoms during HCl clean, which also act as a passivation layer to hinder the 

interfacial gallium oxidation. This result is similar to what observed in the previous studies in 

which the GaAs substrate was cleaned by the acid HF [20], [21]. 

Subsequently performing (NH4)2S immersion at RT was found, as shown in Fig. 4.1(b), 

to effectively diminish the oxidized As species; raising the temperature up to 80 °C lessened 

them further. As reported, wet sulfide solution comprising (NH4)2S or Na2S agent are capable 

of suppressing these undesirable species on GaAs by forming sulfur-related chemical bonds, 

where the outer oxide will be etched away and then reactive sulfur starts to create bonds with 

surface atoms [22]. The dissolution of ammonium sulfide produces both the weak acid HS– 

ions and H2S molecules adsorbed onto the GaAs, which is closely correlated to the 

electrostatic interaction and surface dipole moment [23]. We suppose that the solution 

temperature affects both the rate of oxide removal and the creation of sulfur bonds mainly in 

terms of their activation energies; also, it determines the dissociation of (NH4)2S solution. The 

higher removal efficiency at increased temperature may be ascribed to the enhanced migration 

of etching agent into oxide layer [24] and the increasing solubility of As oxides [25]. 

In Fig. 4.1(c) and 4.1(d), another interesting feature was noticed that increasing the 

sulfide-treated temperature and adding the NH4OH clean caused the rearrangement of the 

sulfur bonding state, i.e., more Ga-S bonds did emerge relative to the reduced As-S bonds. 

Such a surface bonding reconstruction was attributed to the following conversion mechanisms: 

(a) AsSx sulfidized compounds transfer into highly stable GaSx species by reacting with GaAs 

surface [26]. (b) since As-S chemical bond easily breaks at temperature as low as 200 °C 

[27]-[29], indicative of the lower bonding strength, the loose sulfur atoms thus prefer to create 

the strong Ga-S bonds [24]. Furthermore, the NH4OH alkaline solution was critical in abating 

these surface components compared to the results obtained in the untreated samples; we 
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characterized that the NH4OH rinse obviously decreased the content of not only As-O and 

As-As species but also Ga-O species. Here, we can only have speculation regarding the 

underlying mechanism since the explicit role of NH4
+ and OH– ions in the dissolution of 

GaAs surface components are still in controversy [25]. Two kinds of surface cleaning 

mechanism, to our knowledge, have been conjectured: one is that OH– ions directly react with 

either Ga or As chemical species forming the soluble compounds such as GaO3
3– and AsO2

– 

with the participation of free holes from the semiconductor [29]; another is that the former 

reaction initially produces the hydroxides in the form of Ga(OH)3/As(OH)3, which are 

transformed into the soluble complexes like hydroxygallate aggregates NH4Ga(OH)4 and 

(NH4)3AsO4, via the assistant of free NH4
+ agent [25]. Irrespective of the detailed dissolution 

procedure, the resultant defect suppression can then expected being able to promote the 

interface quality between Gd2O3 deposited film and GaAs substrate, thereby achieving the 

better insulator properties. This claim was first supported by the improved surface 

morphology after the WCP modulation, as displayed in Fig. 4.3. The root-mean-square (RMS) 

roughness of HCl-etched GaAs surface can be reduced from ca. 0.35 nm to ca. 0.25 nm by 

rinsing in either (NH4)2S at 80 °C or NH4OH aqueous solution.  

4.3.2 Physical and Electrical Characteristics of Gd2O3/GaAs Structures 

Figures 4.4(a) and 4.4(b) display the capacitor characteristics of Pt/Gd2O3/n-GaAs 

structures subjected to different WCPs. In the following discussion we denoted the MOS 

capacitor—underwent the HCl and (NH4)2S two processes—without and with the NH4OH 

clean as the “HS-sample” and “HNS-sample”, respectively. The bidirectional C-V curves in 

Fig. 4.4(a) showed that the HNS-sample relative to the HS-sample had a high value of the 

accumulation capacitance. However, they still presented the anti-clockwise hysteresis loop, 

which could be eliminated by increasing the sulfidized temperature up to 80 °C. From the 
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variation of (NH4)2S concentration level, an increase in sulfide concentration from 1% to 10% 

plainly degraded the overall accumulation capacitance. In addition, since the poor 

insulator-substrate interface leads to a remarkable shift of the flatband voltage (VFB), i.e., the 

large frequency dispersion at the accumulation/depletion region, in frequency–dependent C-V 

curves, hence, we qualitatively examined the Fermi level (Ef) pinning effect through 

variations of the △C and △V that were defined as follows: 

△C(@Vg = 3 V) = 1 - Cacc(@1 MHz) / Cacc(@1 kHz)                (4.1) 

△V(@CFB) = Vg(@1 kHz) - Vg(@100 kHz),                        (4.2) 

where △C is the deviation of the accumulation capacitance measured at 1-kHz and 1-MHz 

for the Vg of 3 V, while △V is the voltage difference between 1-kHz and 100-kHz C-V curves 

achieving the value of the flatband capacitance (CFB). In Fig. 4.4(b), the respective △C and 

△V were ca. 64% and ca. 2.2 V for the HS sample; with both the values could be reduced to 

ca. 38% and to ca. 1.4 V providing that we added the NH4OH clean with the sulfidization at 

80 °C. These improvements confirmed that the WCP optimization further unpinned the 

interface Fermi level. Due to a high density of surface states formed by segregated As atoms, 

the Ef at GaAs (100) surface being pinned at ca. 0.8 V below the conduction band (Ec) 

minimum was demonstrated [30], [31]. The possible energy-level models, basically, based on 

the framework of a donor state near the midgap with an acceptor state close to the valence 

band (Ev) edge, also have been proposed [32]. It seems that the lower surface states induced 

by sulfide passivation can cause a movement of the Ef back toward the Ec [10], [33]. However, 

this conclusion is not confirmative since some other previous experimental findings that the 

Ef moved toward the Ev by ca. 0.2 eV were also illustrated [34], [35]. We suggest that the 

movement of surface Fermi level is related to the actual sulfidation procedure and the 

resulting sulfur adsorption; the Ef intends to shift back to Ec provided that more Ga-S bonds 

form at the interface [36], for example, which can be obtained after high-temperature 

annealing. On the as-treated sample the formation of less stable As-S bonds compared to Ga-S 
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ones has been deduced to induce the extra gap states [37]; this consequence directly affects 

the shift behavior of the Ef in experiments. In our case, since the interfacial state density (Dit) 

reduced from the order of 1013 cm-2eV-1 to that of 1012 cm-2eV-1, we believe that the improved 

WCP, along with a relatively more GaSx formation, did facilitate to lessen the overall surface 

recombination centers, in particular for donors induced by AsGa anti-sites. Evidently, it 

promotes the carrier population at the dielectric interface at high frequency of 1 MHz, 

coinciding with the consequence of △C and △V reduction.     

Figure 4.5 shows the corresponding I-V characteristics and the inset displays the 

comparison of gate leakage Jg at Vg = (VFB + 1) V for all samples with different WCPs. The 

result clearly indicated that the WCP―[HCl + NH4OH + sulfide(1%, 80 °C)] certainly led to 

the better leakage performance that the Jg could be reduced to ca. 1.5 x 10-5 A/cm2 at Vg = 

(VFB + 1) V; however, either increasing the concentration to 10% or lowering the temperature 

to RT caused Jg to increase considerably. Our explanations for these experimental findings are 

given below: in the course of performing (NH4)2S immersion, one or two GaAs sulfide 

monolayers were formed until the bonding saturation, and then sulfur ions remained to reside 

on the outer surface, probably in the form of either molecules or complex compound. Excess 

sulfur contamination might be induced by the increased concentration; we evidenced this 

consequence by the AFM images that the 1%-sulfide could flatten the morphology of 

HCl-etched surface, whereas an increased roughness was seen after 10%-sulfide due to the 

presence of small particles (not shown here). Subsequent annealing-induced diffusion toward 

the Gd2O3 thin film possibly induced the leakage path and/or behaves as the leaky defect, 

causing the gate leakage degradation with an increased equivalent-oxide-thickness (EOT). In 

addition, as we mentioned earlier, more As-S bonds formed at RT than at 80 °C, and they 

would be reduced to the elemental arsenic since kinetics naturally drives the reaction below 

[26].   

GaAs + AsSx → GaSx + 2As                                  (4.3) 
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The higher sulfidized temperature, i.e. at 80 °C, reduced the As suboxides and arsenic 

accumulation at high-k/GaAs interface, therefore, resulting in the lowered Jg and less severe 

charge trapping. This fact also implies that forming the stable Ga-S chemical bonds at the 

interface will be indispensable in the pursuit of high-performance high-k gate dielectric and 

interface on GaAs substrate. Fig. 4.6 shows the XPS spectra for these samples after 500 °C 

PDA. It was found that both Ga and As oxide components had been incorporated into the 

annealed Gd2O3 films. The estimated concentration of Ga2Ox is 13, 6, and 4% with that of 

As2Ox below 3% for the respective samples. The enrichment in the Ga-O relative to As-O 

species in bulk Gd2O3 can be reasonably understood by the following heat reaction,  

GaAs + As2O3 → Ga2O3 + 4As,                               (4.4) 

and this chemical transformation is thermodynamically favorable at RT. We did observe a 

relatively high Ga2O3 concentration in the HS sample, which was accompanied with the 

serious desorption of the interfacial arsenic into high-k dielectric film. As a result, we think 

that it is a direct attribute of Jg increase and other degraded electrical properties. 

Figure 4.7 plots the characteristic of Jg versus the CET or EOT along with the previously 

published data [3], [5], [13]-[15], [38], [39]. Apparently, we observed that the Gd2O3/n-GaAs 

capacitors through WCP optimization did exhibit the excellent insulating properties as 

compared to HfO2 dielectrics reported on the n-GaAs in combination with Si or Ge interfacial 

passivation layers. A lower CET of ca. 20 Å with a reduced Jg of ca. 10-5 A/cm2 at (VFB + 1) V 

was accomplished. The continuously optimized interface quality via process modification is 

expected to further improve the Gd2O3/GaAs electrical performance, which thus be 

considered as a promising MOS device structure. 

 

4.5  Conclusions  

In Chapter 4, we demonstrated the improved electrical characteristics of the Gd2O3 
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dielectric thin films on the n-GaAs substrate by manipulating the wet-chemical clean and 

(NH4)2S passivation. With the XPS analysis, the HCl-cleaned GaAs surface was characterized 

to possess the oxide species mainly in the form of As2Ox near the outmost surface and Ga2Ox 

with elemental arsenic close to the interface. These undesirable components could be 

suppressed through rinsing in NH4OH alkaline solution and then performing the sulfidization 

at 80 °C, as a result, alleviating the Ef pinning effect on the Gd2O3/GaAs capacitor 

performance. The higher oxide capacitance and alleviated frequency dispersion at the 

accumulation/depletion regimes were achieved, accompanied by the negligible charge 

trapping (<100 mV). Accordingly, the gate leakage Jg was lowered to ca. 10-5 A/cm2 at gate 

voltage Vg = (VFB + 1) V, which was comparable to the recently reported performance of 

HfO2/GaAs structure with an ultra-thin Si/Ge interfacial layer. We attributed the electrical 

improvements to the enhanced stabilization of high-k/sulfur-terminated GaAs interface due to 

abatement of the native oxides and excess arsenic segregation. 
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Table. 4.1 Chemical ratios of As 2p3/2 and Ga 2p3/2 spectra for the cleaned GaAs surface 

after different WCPs. 

 

Fig. 4.1 As 2p3/2 XPS spectra of clean GaAs substrate subjected to four different WCPs. 

Five components were extracted: GaAs, AsSx, As2O3, As2O5, and elemental As.  
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Fig. 4.2 Ga 2p3/2 XPS spectra of clean GaAs substrate subjected to four different WCPs. 

Four components were extracted: GaAs, GaSx, Ga2O, and Ga2O3. 

 

Fig. 4.3 RMS surface roughness of clean GaAs substrate subjected to different WCPs. 
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Fig. 4.4 (a) Bidirectional sweep (10 kHz) C–V curves; (b) the frequency response of 

△C and △V values for Pt/Gd2O3/n-GaAs capacitors with four kinds of WCPs.  
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Fig. 4.5 The I–V characteristics of Pt/Gd2O3/n-GaAs capacitor with the WCP ― HCl + 

NH4OH + Sulfide (1%, 80 °C). The inset displays the plot of Jg @ Vg = (VFB + 

1) V versus the WCP conditions.  

 

Fig. 4.6 As 2p3/2 and Ga 2p3/2 XPS spectra of the Pt/Gd2O3/GaAs structures 

investigated in Figs. 4.4 and 4.5. 
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Fig. 4.7 Comparison of Jg versus CET or EOT characteristics for Pt/Gd2O3/n-GaAs 

capacitors with other’s published data [3], [5], [13]-[15], [38], [39]. 
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Chapter 5 

Atomic-Layer-Deposited Al2O3 Dielectric Films          

on GaAs Substrates  

5.1  Introduction  

Presently, GaAs materials are used widely in such applications as optoelectronic devices, 

photodiodes, high-electron-mobility transistors (HEMTs), and other high-frequency devices. 

In attempts to obtain superior performance rivaling or exceeding that of transistors on 

traditional Si-based substrates, various high-k gate dielectrics have been examined on 

high-mobility III–V substrates, especially GaAs- and InSb-based compound materials [1], [2]. 

Studies into competitive insulators on compound semiconductors and efficient passivation 

methods have been performed for more than four decades; the poor quality of the 

insulator–substrate interface has been the foremost obstacle hindering the realization of III–V 

metal oxide semiconductor (MOS) devices. In addition to SiO2 and Si3N4 [3], 

atomic-layer-deposited (ALD) Al2O3 [4], (Gd,Ga)2O3 [5], and HfO2 high-k dielectrics [6] are 

also potential candidates for use on GaAs substrates. Surface sulfide treatment and the use of 

ultra-thin Si or Ge interfacial passivation layers are both practical techniques for improving 

electrical characteristics. The passivation of GaAs surfaces with Na2S or ammonium sulfide 

[(NH4)2S] prior to deposition of the gate dielectric has been reviewed comprehensively [7], 

[8]; the improvement in the device performance depends strongly on the sulfide treatment 

procedure [9]. The in situ deposition of several Si or Ge monolayers on GaAs [10], [11] can 

reduce the interfacial state density to ca. 1010–1011 cm–2 eV–1; this passivation technique has 

received renewed interest in recent years [12]. 

Subsequent thermal annealing can further improve the quality of insulator films 
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deposited on GaAs [13]. Meanwhile, during high-temperature processing it is important to 

inhibit the loss of As within the GaAs substrate and also suppress the formation and 

subsequent incorporation of native oxides; these processes lead directly to electrical 

deterioration in GaAs MOS capacitors [14]. The impact of rapid thermal annealing on the 

properties of various high-k/GaAs structures has been studied previously [15]; the gas used in 

the annealing process influences the thermochemical mechanism as well as the interfacial 

quality [16]. Nevertheless, correlations between these thermal reactions and the MOS 

performance have not been established in detail. In this session, we examined the material and 

electrical characteristics of ALD-Al2O3 thin films deposited on an (NH4)2S-treated GaAs 

surface and then monitored the impact of thermal annealing processing. The nature of the 

annealing environment also affected the electrical properties; this behavior could be 

interpreted by considering the latent thermodynamic mechanisms, which we identified from 

the physical analyses. Furthermore, in order to increase the effectiveness of sulfur passivation 

[17], different alcohols with a lower dielectric constant, e.g., C4H9OH, can be used as solvents, 

in which the improvement of surface quality has been evidenced by an increase in 

photoluminescence intensity [17], [18], lower surface band bending [19], and reduced surface 

barrier height [20] of GaAs substrates. Nevertheless, the effects of the alcoholic solutions of 

(NH4)2S on the practical electrical characteristics are still rare. Consequently, we also 

investigated the effects of the (NH4)2S-C4H9OH chemical passivation on the interface and 

capacitor properties of the ALD-Al2O3/GaAs structure. Our experimental findings verified the 

replacement of H2O with C4H9OH as sulfidizing solvent that assisted to obtain the better 

electrical performance. 

 

5.2  Experimental Procedures  
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n-Type GaAs substrates having a doping concentration of ca. 1 × 1018 cm–3 (resistivity < 

0.01 Ω·cm) were first rinsed in acetone (ACE) and deionized (DI) water for 1 and 5 min, 

respectively. Subsequently, dilute HCl solution (HCl/DI water, 1:10) was used to etch the 

surface native oxides. After wet chemical cleaning, the samples were dipped into aqueous 

ammonium sulfide solution [(NH4)2S/DI water, 1:50] with different immersion durations, e.g., 

30 s or 30 min, to passivate the GaAs surfaces prior to deposition of the dielectric. The Al2O3 

films were deposited in ALD system at substrate temperatures of 100 and 300°C. 

Trimethylaluminum [Al(CH3)3] and H2O were chosen as the metal source and oxidant, 

respectively; they were pulsed alternately into the reactor for 1 s per pulse, separated by a N2 

purge of 10 s to remove redundant reactants. The deposition rate was ca. 1.0–1.1 Å s–1. For 

comparison, the as-deposited Al2O3 dielectric films were subjected to post-deposition 

annealing (PDA) at 600 °C in either a N2 or O2 ambient. The RTA system was purged 

cyclically by pumping down to 25 torr and refilling the feed gas; the chamber pressure was 

then maintained at 1 atm during annealing after flushing the gas. The top Pt gate electrode 

was formed via shadow mask sputtering; thermal evaporation of Al formed the backside 

contact; the capacitance area of the formed Pt was ca. 4 × 10–4 cm2, measured using an optical 

microscope. In addition, post-metallization annealing (PMA) was performed at 400 °C for one 

sample to evaluate the thermal stability of the fabricated Pt/Al2O3/GaAs structures. On the 

other hand, for examining effects of the solvent used in GaAs sulfidization, we also applied a 

series of ammonium sulfide treatments, as listed in Table 5.1. Here, two kinds of solvents, DI 

water and C4H9OH, were used to dilute the (NH4)2S solution, in which the treated 

temperatures were set at room temperature (RT) and 60 °C, respectively, and the soak time 

was kept at 1 min. 

The surface morphology of GaAs after the DI water rinse was characterized by the 

atomic force microscopy (AFM). High-resolution transmission electron microscopy (HRTEM) 

was used to characterize the variations in thickness of the deposited Al2O3 film after 
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processing under the two different annealing environments. The respective structural 

composition, sulfur bonding configuration, and oxide removal efficiency were examined 

using the secondary ion mass spectrometry (SIMS) and x-ray photoelectron spectroscopy 

(XPS) with an Al Kα radiation source (1486.6 eV). To extract each chemical component from 

the photoemission spectra, a rigorous fitting process was adopted: after the peak positions had 

been ascertained, they were applied to reconstruct the original spectra and then to extract each 

respective contribution. During the deconvolution of the spectra, the peak areas were varied 

while maintaining the full width at half maximum and the ratio of the Gaussian to Lorentzian 

distribution constant. In addition, we measured the frequency-dependent capacitance–voltage 

(C–V) and current–voltage (I–V) characteristics using an HP4284 LCR meter and a Keithley 

4200 system, respectively, to determine the quality of the Al2O3–GaAs interface. The interface 

state density (Dit) was calculated using the conductance method [21] based on the measured 

conductance–voltage (G–V) curves. 

 

5.3  Temperature-Dependent Growth of ALD-Al2O3/GaAs Films 

The frequency-dependent and bidirectional C−V curves of Pt/100°C-Al2O3/n-GaAs MOS 

capacitors are shown in Figs. 5.1(a) and 5.1(b), respectively. As seen, the as-deposited sample 

apparently showed C−V stretch-out behavior accompanying with the lower oxide capacitance; 

the clockwise hysteresis width was also presented. Even though annealing the sample at 600 

°C in an O2 ambient exhibited the higher accumulation capacitance, it also caused a large 

flat-band voltage (VFB) shift with respect to the measured frequency, implying the generation 

of slow states at and/or close to the interface. As the (NH4)2S treatment was further employed, 

the highest accumulation capacitance with steep C−V slope presented; meanwhile, the smaller 

hysteresis behavior was also found. We suggested that the sulfide passivation can improve the 

interface quality between Al2O3 high-k dielectric and GaAs substrate due to the native oxide 
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suppression and enhanced thermal stability. 

Figure 5.2 shows the corresponding I−V characteristics. It was noticed that 

high-temperature PDA obviously increased the gate leakage current (Jg) by more than two 

orders, at gate bias Vg above 2 V. From XPS analysis (not shown), we found that a small 

amount of As metal and both native oxides have been incorporated into bulk Al2O3 during 

annealing; the resultant contamination are believed to be responsible for a huge increase in Jg. 

The quality of Al2O3 deposited at 300 °C on GaAs are examined in Fig. 5.3(a); the inset 

shows the Weibull plot of Jg distribution at Vg = 2V. The (NH4)2S-treated sample relative to 

the HCl-last sample exhibited the higher oxide capacitance and smaller C−V frequency 

dispersion, which is similar to the examination in ALD-Al2O3 at 100 °C. The corresponding Jg 

seemed to be slightly lower than that in the sample without sulfide process, but, with the 

broad distribution in the Weibull plot, reflecting the fact that the distribution of sulfur bonding 

is an important role in gate leakage performance. Besides, as illustrated in Fig. 5.3(b), all 

300°C-Al2O3 samples were found to show the better Jg performance, where the nearly four 

orders of magnitude reduction in Jg at the capacitance-equivalent-thickness (CET) of 40 Å, 

with respect to the 100°C-Al2O3 samples. 

 

5.4  Effect of Interfacial Sulfidization 

5.4.1 Surface Chemistry of Sulfidized GaAs Surface 

Figure 5.4 displays As 2p3/2 and Ga 2p3/2 photoemission spectra of the as-deposited 

Al2O3/GaAs bilayer with and without (NH4)2S interfacial passivation; the thickness of the 

overlying Al2O3 thin film after 60 deposition cycles was ca. 63 (±3) Å. Thus, we employed 

the high surface sensitivity of this technique (maximum sampling depths of ca. 31 and ca. 55 

Å for the As 2p3/2 and Ga 2p3/2 spectra, respectively) to characterize the content of 
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GaAs-related chemical species diffused into the high-k layer [22]. In accordance with the Ga 

2p3/2, As 2p3/2, Al 2p, and O 1s core levels, we evaluated the average concentration of existed 

GaAs oxides and the stoichiometric ratio of O to Al, based on the mixture of Ga2Ox and As2Ox 

in the Al2Ox bulk layer. As indicated in Table 5.2, the concentrations of both the Ga and As 

oxide species were much less than 0.5%. So that, we infer that both kinds of native oxides, 

As2Ox and Ga2Ox, in the forms of their stoichiometric oxides and suboxides more likely 

formed close to oxide-substrate interface. But, we cannot rule out the possibility that a tiny 

amount of As oxides diffused into the Al2O3 high-k film during deposition at substrate 

temperature up to 300 oC. Besides, the formation of these oxides, in particular the gallium 

oxides, could be suppressed by forming Ga- and As-related sulfur bonds at the dielectric 

interface. Interestingly, it appears that, the stoichiometry of Al2Ox in the deposited film may 

correlate with the degree of GaAs oxides formed nearby the interface. Provided that Al2O3 

was directly deposited on GaAs, the O/Al chemical ratio was as high as 1.75, i.e., an 

oxygen-enriched Al2Ox dielectric film; long-term sulfide immersion could return this value to 

a nearly ideal stoichiometric ratio of 1.57 as a result of the enhanced surface stability. 

The As 3d and Ga 3d core level spectra in Fig. 5.5 allowed us to characterize the 

interfacial composition close to the substrate, because the inelastic mean free paths (IMFPs) 

were above 25 Å. We found that an amorphous As layer was present on the bulk GaAs; 

moreover, its content could be decreased upon chemical treatment with (NH4)2S. We suggest 

that these interfacial As atoms could have arisen through two mechanisms: (a) the dilute HCl 

solution used to clean the GaAs might have led to the formation of elemental As atoms 

covering the GaAs surface [23]; (b) thermal transformation of the surface As oxides might 

have occurred through reactions with the GaAs substrate [24]. The As suboxides can desorb at 

ca. 150–200 °C, and the As2Ox species having higher oxidization states (x = 3 or 5) will 

sublime at temperatures of ca. 250–300 °C [24]-[26]. This ready thermal desorption indicates 

that mechanism (b) probably occurred during ALD deposition at 300 °C. We also calculated 
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the relative contributions of elemental As and the As2Ox and Ga2Ox components in the 

respective As 3d and Ga 3d spectra (Table 5.3). Evidently, the sulfur-terminated GaAs surface 

successfully decreased the content of the As-rich layer and its chemical oxides. 

The O 2s photoelectron signal observed at 23.4 eV, which mostly originated from the 

overlying Al2O3 thin film, overlapped with the Ga 3d core level. The content of Ga–O oxide 

species existing near the Al2O3–GaAs interface decreased after sulfidization. According to the 

literature [27], [28], the Ga–S chemical bond, relative to the As–S bond, has the higher bond 

strength up to 400 °C, thereby effectively restraining the growth of Ga2Ox. These sulfur 

species are not readily identified in a S 2p spectrum because of partial overlap with the signal 

of bulk Ga 3s, but a small number of GaSx bonds were detectable at a peak position of ca. 

162.2 eV (not shown here) [29]. Along with the high stabilization of the Ga2O3 stoichiometric 

oxide, these features taken together reasonably explain the absence of the Ga–O signal in the 

Ga 2p3/2 spectra after surface sulfidization. In view of the improved behavior, we believe that 

the sulfur-terminated GaAs substrate enhanced the deposition quality and dielectric 

stoichiometry of the ALD-Al2O3 thin films. 

5.4.2 Capacitor and Gate Leakage Characteristics 

Figure 5.6 displays the C–V and I–V characteristics of the various samples. The 

(NH4)2S-treated sample displayed a higher oxide capacitance accompanying a decreased C–V 

frequency dispersion, relative to those of the untreated sample; a reduction in hysteresis width 

and Jg were also achieved [Figs. 5.6(b) and 5.6(c)]. These results are indicative of the 

abatement of the Fermi level pinning effect in the capacitor properties; in other words, 

modulation of the surface potential and carrier manipulation was enhanced. As stated above, 

sulfide pretreatment suppressed the amounts of unstable As–As and As–O species, which are 

believed to be a source of high-density interfacial traps. The value of Dit close to the midgap 
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was estimated to be ca. 1 × 1013 cm–2 eV–1 for the untreated sample; subsequent sulfide 

passivation reduced this value to ca. 7 × 1012 cm–2 eV–1. Previous studies have found that 

sulfidized GaAs improved the MOS characteristics as a result of eliminating As-related 

surface defects [30], [31]. The subsequent PMA at 400 °C, however, not only caused a larger 

frequency dispersion and broadened hysteresis width at the depletion region but also 

increased the value of Jg by nearly four orders of magnitude. The underlying mechanisms 

responsible for the PMA-induced gate leakage degradation are discussed below. 

 

5.5  Effect of Postdeposition Annealing Ambient  

5.5.1 Structure Analysis  

To explore the degradation of the electrical characteristics that were due to N2 annealing, 

we first compared HRTEM images of the Pt/Al2O3 bilayers deposited on the sulfide-treated 

GaAs after post-deposition annealing under N2 and O2 atmospheres [Figs. 5.7(a)–(c)]. We did 

not observe the existence of the interfacial layer (IL); the deposited Al2O3 also exhibited an 

amorphous phase after PDA at 600 °C. Most importantly, the O2-processed sample revealed a 

bright Al2O3 thin film and an interface that was indistinct with respect to the upper Pt metal 

and GaAs substrate, whereas the N2-processed sample revealed a relatively dark, thick Al2O3 

film possessing a sharp interface. We believe that the O2 used as the feed gas was effective in 

densifying the ALD-Al2O3 gate dielectric and repairing the inner bond imperfections, e.g., 

dangling bonds and oxygen vacancies. Meanwhile, a great degree of inter-diffusion occurred 

at the dielectric–substrate interface, which can be attributed to the relatively high probability 

of oxygen diffusing into the GaAs substrate [32], resulting in the blurred interface for the 

O2-processed system.  

5.5.2 Capacitor and Gate Leakage Characteristics 
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Next we examined the impact of thermal annealing on the multi-frequency C–V curves, 

as illustrated in Figs. 5.8(a) and 5.8(b); each inset displays the C–V hysteresis width 

measured at 100 kHz. For both deposition conditions, the O2-annealed samples exhibited 

higher oxide capacitance and decreased hysteresis phenomena with respect to the N2-annealed 

samples; we attribute this finding mainly to the highly improved dielectric quality and the 

thinner film thickness. We also found that electron trapping was responsible for the clockwise 

hysteresis loop [16], where the hysteresis widths after O2 and N2 PDA were ca. 0.3 and ca. 0.4 

V, respectively. This situation reflected the smaller density of slow traps that resided around 

the dielectric interface after performing O2 annealing. In contrast, the I–V characteristics in 

Fig. 5.9 are remarkably different: N2 PDA severely deteriorated the Jg characteristics, as in the 

PMA case in Fig. 5.6(c), whereas the O2 ambient alleviated the degradation phenomenon. 

From a plot of the Jg (at Vg = 2 V) versus the CET, the value of Jg at a CET of 40 Å was 

reduced by nearly three orders of magnitude after replacing N2 with O2 as the annealing gas 

(inset to Fig. 5.9). We ascribe the dramatically increased value of Jg to one or both of the 

following mechanisms: (a) the elemental As overlayer that acted as a metallic contamination 

source nearby the oxide–bulk interface increased the surface recombination velocity, with fast 

diffusion resulting in poor insulator properties; (b) high-temperature processing caused the 

generation of surface pits or holes within the GaAs substrate, thus increasing the surface 

roughness [24]. Excess As atoms might have been produced during either the decomposition 

of GaAs itself or the chemical transformation of oxide species through reactions with the bulk 

GaAs; meanwhile, the inhomogeneous voids formed also deteriorated the surface morphology. 

We expected a relatively low density of formed voids after annealing because of the coverage 

of an amorphous Al2O3 film on GaAs substrate. Thus, we inferred that the N2-annealed 

Al2O3/GaAs structures suffered from relatively severe desorption and transformation of the 

As2Ox and Ga2Ox mixed oxides; in addition, more As atoms were segregated at the interface. 

In light of this behavior, we would expect degradation of the gate leakage characteristics to be 



 109

accelerated after N2 annealing. To support our hypothesis, we performed a dielectric reliability 

test (Fig. 5.10) with regard to this degradation behavior. The Pt/ALD-Al2O3/GaAs capacitors 

were stressed under the constant Vg of 5 V and a constant oxide electrical field (Eox) of 8.5 

MV·cm–1. Irrespective of the dielectric stress method employed, we found that the 

sulfidization procedure improved the dielectric reliability. The sulfidized sample that 

underwent subsequent O2 annealing possessed superior dielectric reliability, relative to that 

which underwent N2 annealing, in accordance with the slower rate of increase in the value of 

Jg. These findings indicate that the annealing environment is a crucial factor in determining 

the electrical performance of high-k/GaAs structures. The degraded quality of the N2-annealed 

sample with respect to the O2-annealed one shall be closely linked to severe As2Ox desorption 

and the extent is not so drastic to cause the increase of the interface roughness. This is 

because a relatively low temperature of 600 °C annealing was employed as compared to the 

previous observation reported by M. Passlack et al. that the Ga2O3/GaAs interface is very 

smooth after annealing below 700 °C and severely degrades with 780 °C annealing [15].  

5.5.3 Thermochemical Reactions and Composition Analysis 

Table 5.4 provides a comprehensive list of the accessible solid state reactions involved in 

the Ga–As–O phase diagram [33], [34] to aid us in determining the transformation 

phenomena that occurred during annealing. The critical temperature Tc is defined as the 

temperature at which the reaction becomes thermodynamically favorable, i.e., where the 

Gibbs free energy of formation (△Gf) is less than zero; we obtained the values of Tc from 

experimental results reported in the literatures [24]-[26], [37]. We also calculated the value of 

△Gf for each of these stoichiometric equations [35], [36]. If △Gf is greater than zero, the 

chemical reaction will not proceed; for example, the mechanisms associated with Ga2O 

formation are inhibited at RT, but an increase in temperature enhances the driving kinetics of 
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the reaction. Because various kinds of GaAs chemical products desorb and/or transform 

during high-temperature processing, we performed XPS and SIMS analyses to better 

characterize the electrical differences. 

The As 2p3/2 and Ga 2p3/2 spectra in Fig. 5.11 indicate that the diffusion of GaAs 

chemical species was enhanced within the Al2O3 gate dielectric after thermal annealing; we 

extracted the contribution of each chemical component. In the following discussion we denote 

the N2-annealed capacitor that underwent sulfide treatment as the “SN-sample” and denote the 

O2-annealed capacitors without and with sulfide treatment as the “O-sample” and 

“SO-sample,” respectively. The As 2p3/2 spectra revealed an increased incorporation of arsenic 

oxides, including As2O5, As2O3, and AsOx, relative to their content in the as-deposited Al2O3 

film. We observed similar behavior in the Ga 2p3/2 spectra: both the Ga2O3 and GaOx oxides 

were slightly enriched after annealing, with the SN-sample having relative higher 

concentrations. From the atomic quantification, Table 5.5 indicates that the amount of 

diffused arsenic oxides was larger, by about one order of magnitude, than that of the gallium 

oxides in the annealed Al2O3; this behavior is similar to that of the oxide layer formed during 

thermal oxidation of a GaAs surface [39]. In addition, only the O-sample after annealing at 

600 °C presented an oxygen-enriched Al2Ox film; we attribute this finding to a portion of the 

sulfur atoms filling a number of vacancies inside the high-k gate dielectric, thereby avoiding 

over-oxidization in the sulfidized samples during PDA. 

Table 5.4 (part A) indicates that the value of Tc for the desorption of arsenic oxides 

ranges from 150 to 350 °C; these transformations are thermodynamically favorable at RT. In 

contrast, the higher thermal stability of the Ga-based oxide compounds inhibits the reduction 

of nonvolatile Ga2O3 into Ga2O (Table 5.4, part D); consequently, its value of Tc is higher 

(400–600 °C). Because of the low sublimation point of the oxides of arsenic, volatile As2O3 

oxide first reacts with either the GaAs substrate or interstitial Ga atoms to form a Ga2O3 layer 

and segregated As close to the interface. It is possible that the highly stable Ga2O3 oxide also 
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reacts with the substrate again to produce non-stoichiometric Ga2O along with the As 

co-products under high-temperature annealing at 600 °C. Most of these As species—in the 

form of elemental As and/or gaseous As4—are oxidized during the desorption event and then 

trapped inside the dielectric film. Note that Ga2O3 formation can arise through several 

transformation paths; for example: As2O3 + 2GaAs → Ga2O3 + 4As or As4. Because the O2 

environment provides additional reaction paths (Table 5.4, part B), the content of chemical 

products is likely to be somewhat different to that in the N2 annealing case. This situation can 

be explained in terms of the chemical reaction principle that kinetics naturally drive several 

oxidation mechanisms—e.g., the oxidation of GaAs, As, and As4—resulting in a deceleration 

of the rate of transformation of As2Ox compounds as well as the generation of As defects in 

the O2 ambient [41]. In addition, even if molecular oxygen prefers to react with Ga atoms 

over As atoms, the As species will still have a higher probability of oxidation because they are 

more readily desorbed [42]. When the content of arsenic oxides increases in the upper area of 

the dielectric film they can act as a block, which in turn hinders the diffusion of oxygen into 

the dielectric–substrate region. These phenomena result in our observation of an enriched 

amount of As2Ox with a low Ga2Ox concentration for both the SO- and O-samples, a finding 

that is opposite to the behavior of the SN-sample. Another interesting phenomenon visible in 

the 2p3/2 spectra is that PDA under N2 resulted in the formation of some metallic As, whereas 

some elemental Ga appeared after PDA under O2. This finding provides direct evidence of the 

fast generation of As species in the N2 ambient. On the other hand, as far as the source of 

these Ga atoms is concerned, we speculate that the oxidation of the Al2O3/GaAs interface and 

decomposition of the GaAs substrate are responsible for the supply of free Ga atoms [26], 

[41]. It should be pointed out that as regarding the reactions related to Al and these in-diffused 

Ga or As oxides, most possible reaction we presume is the reaction of Al2O3 with Ga2O3, due 

to the higher thermal stability relative to As2O3. However, in our study the highest RTA 

temperature is 600 °C, probably not enough to make Al react with Ga oxides [43]; these 
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thermal processes are excluded here and still need further investigation. 

Figure 5.12 presents the highly bulk-sensitive As 3d and Ga 3d photoemissions; Table 

5.6 provides the chemical bonding ratio of the contributed chemical components for 

convenient characterization. We observe that annealing at 600 °C further decreased the 

percentage of interfacial As presented in the overall As 3d spectra, with respect to that in the 

as-deposited Al2O3/GaAs structures (Fig. 5.5, Table 5.3). Even though the desorption event 

contributed to the formation of either As or As4, most of the As atoms escaped into the 

atmosphere or were further oxidized into various oxidation states. A substantial amount of 

Ga2Ox oxides was generated accordingly through chemical transformation. We also observed 

that the additional sulfide pretreatment of the SO-sample made it (relative to the O-sample) 

more highly resistant to the growth of these undesirable components. Fig. 5.13 illustrates the 

respective SIMS depth profiles; the thickness of the Al2O3 thin film, which was deposited at 

300 °C for 50 cycles, was ca. 50 (±3) Å after PDA at 600 °C. Of primary interest is the 

distribution of the As, Ga, and S species in the overlying Al2O3 high-k film. We found that a 

higher concentration of As was presented around the bottom of the Al2O3 bulk film, 

coinciding with the diffusion of As-enriched oxides and the interfacial arsenic layer. Another 

feature is the observation of a small tails of Ga species at a depth of ca. 10–30 Å for the SO- 

and O-samples only, probably related to a trace of out-diffused Ga elements, the detailed 

mechanism of which requires further investigation. On the other hand, the S signal detected in 

the O-sample was due to mass interference of molecular oxygen in the SIMS analysis of the 

oxide film. We believe that the S atoms did exist even after high-temperature processing, as 

determined after subtracting the induced signal of the mass interference used as the baseline 

background. The corresponding XPS analysis in Table IV indicates that the sulfidized samples 

were relatively less oxygen-excessive (Al/O ratio = 1.78) with respect to the HCl-last sample 

(Al/O ratio = 2.2). Meanwhile, the smaller C–V hysteresis width after sulfidization is 

indicative of less charge trapping in the Al2O3 dielectric (not shown here). Thus, we conclude 
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that most of the S atoms diffused into the high-k film and probably occupied either the 

vacancy sites or pre-existing defects; as a result, this process facilitated the improvement in 

the quality of the Al2O3 gate dielectrics as well as their electrical performance. 

 

5.6  Effect of (NH4)2S Sulfidization Solvent  

5.6.1 Surface Chemistry and Morphology Analysis  

Figure 5.14 shows the Ga 2p3/2 and As 2p3/2 photoemission spectra of GaAs substrates 

subjected to the (NH4)2S-C4H9OH sulfidizing treatments with different concentrations and 

temperatures, respectively. As seen, the deconvoluted peaks of Ga-S, Ga2O, and Ga2O3 were 

observed in Ga 2p3/2 spectra at the respective binding energy of 0.65, 1.0, and 1.6 eV above 

the GaAs substrate. While the As 2p3/2 spectra also presented the signals of As-As, As-S, 

As2O3, and As2O5 at the respective binding energy of 1.0, 1.7, 2.95, and 3.95 eV above the 

GaAs substrate. Table 5.1 summarizes the signal ratios of these surface chemical species on 

GaAs. It was found that the NH4OH rinse decreased the content of As-As species and native 

oxides obviously, as compared to the results presented in the DIW-rinsed sample. Subsequent 

immersion of (NH4)2S-based solution can make the amount of As-related species reduce 

continuously. Here, we are of more interest in the surface modification of GaAs by replacing 

H2O with C4H9OH as sulfidizing solvent; evidently, not only the removal efficiency of AsOx 

species accelerated but also more sulfur ions bonded to GaAs with either raising the 

concentration to 10% and/or the temperature to 60 °C. These observations can be attributed to 

the stronger electrostatic interaction between the sulfur ion and the GaAs surface by 

decreasing the solvent dielectric constant ε from 80.1 (H2O) to 12.5 (C4H9OH). Even if V. N. 

Bessolov et al. [17] brought up that the change of the alcoholic solvents in (NH4)2S solution, 

relative to that in Na2S solution, had a minor enhancement on the sulfur passivation on GaAs, 
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a higher degree of the sulfur coverage was actually observed from XPS analysis as a result of 

the increased chemical activity in sulfidized solution. As compared to the results in the RT 

case, a remarkable feature was the amount of As-As species that increased slightly from 8.4% 

to 10.9% at higher temperature of 60 °C. Such an increase in the elemental As on GaAs 

surface did lead to severe leakage degradation of the ALD-Al2O3 deposited film (not shown 

here). In general, the resultant suppression of GaAs defects is able to boost the interface and 

film qualities of the deposited insulator. As the AFM images displayed in Fig. 5.15, the flatter 

morphology of GaAs surface was observed with the help of the sulfidized immersion, giving 

the evidence of the interface improvement. The root-mean-square (RMS) roughness of 

NH4OH-cleaned GaAs surface was ca. 0.28 nm and then reduced to ca. 0.22 nm by rinsing in 

(NH4)2S-C4H9OH solution (10%) at 60 °C.  

Figure 5.16 presents the TEM image of as-deposited Pt/ALD-Al2O3/GaAs capacitor, in 

which the thickness of Al2O3 film is ca. 62 Å for 60 deposition cycles. We did not observe the 

existence of an obvious IL between the Al2O3 and the GaAs, which should be correlated to the 

self-cleaning of GaAs native oxides at the initial stage of ALD deposition [44], [45]. Such 

behavior of the bonding replacement between ALD metal precursor and As2Ox(Ga2Ox) has 

been also manifested in the recent studies of ALD-HfO2/GaAs growth [46], [47]. 

5.6.2 Capacitor and Gate Leakage Characteristics 

Furthermore, the impact of the sulfidizing solvent and PDA on the capacitor 

characteristics was examined. As the frequency–dependent C-V curves shown in Figs. 5.17(a) 

and 5.17(b), the alcoholic-(NH4)2S solution increased the value of accumulation capacitance, 

and subsequent O2 PDA improved the C-V dispersion further. For the NH4OH-cleaned GaAs 

capacitor, the capacitance-equivalent-thickness (CET) extracted at 1 kHz was ca. 3.78 nm and 

its values were reduced to ca. 3.54 and 3.75 nm for the sulfidized GaAs samples before and 
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after 600 °C thermal annealing, respectively. We qualitatively inspected the improvement of 

capacitor characteristics through variations of the △C and △V that were defined as follows: 

△C(@Vg = 4 V) = 1 - Cacc(@100 kHz) / Cacc(@1 kHz)                (5.1) 

△V(@CFB) = Vg(@1 kHz) - Vg(@100 kHz),                        (5.2) 

where △C is the deviation of the accumulation capacitance measured at 1-kHz and 100-kHz 

for the Vg of 4 V, while △V is the voltage difference between 1-kHz and 100-kHz C-V curves 

achieving the value of the flatband capacitance (CFB). As the results plotted in Fig. 5.17(c), 

both values of △C and △V showed the decrement with the C4H9OH solvent used, an 

increased sulfidizing concentration, and in particular the implement of post thermal annealing. 

The lowest values of △C and △V obtained were 13.6% and 0.69 V, respectively, by 

performing 10% (NH4)2S-C4H9OH interfacial treatment with 600 °C O2 PDA; a 

corresponding Dit value of 5 × 1012 cm-2eV-1 was evaluated. 

Figure 5.18(a) displays the Jg characteristics and the results indicate that the sulfur 

passivation is effective to suppress the dielectric leakage current and the alcoholic-(NH4)2S 

solution can boost the thermal stability further. The treatment of 10% (NH4)2S-C4H9OH 

apparently led to the better leakage performance that the respective values of Jg at Vg = (VFB + 

1) V were ca. 7 × 10-7 and 1 × 10-5 A/cm2 before and after 600 °C PDA in O2 ambient. By 

plotting the Jg versus CET, as shown in Fig. 5.18(b), the fabricated ALD-Al2O3/GaAs 

capacitors exhibited the comparable Jg characteristics to the previous studies of the sputtered 

HfxSi1-xO/n-GaAs [2] and HfOxNy/p-GaAs [48] structures, respectively. However, the 

capacitor performance was inferior than the results of ALD-Al2O3 [49], -HfAlO [50], -HfO2 [6] 

films and metal-organic chemical vapor deposition HfO2 film [51] on GaAs substrates from 

other research groups, indicating that the film quality of the deposited Al2O3 itself still needs 

the growth optimization. 
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5.7  Conclusions 

In Chapter 5, the ALD-Al2O3 films deposited on GaAs substrate at 300°C relative to that 

at 100°C showed the nearly four orders of magnitude reduction in gate leakage current at the 

capacitance-equivalent-thickness of 40 Å. Next, we examined the interfacial chemistry of the 

Al2O3/GaAs and the impact of sulfidization and thermal annealing on the properties of the 

resultant capacitor. It was observed that sulfidized passivation actually improved the effect of 

the EF pinning on the electrical characteristics, thereby providing a higher oxide capacitance, 

smaller frequency dispersion, and reduced surface states, as well as decreased interfacial 

charge trapping and gate leakage current. Photoemission analysis indicated that the 

(NH4)2S-treated GaAs improved the quality of the as-deposited Al2O3 thin film and preserved 

the stoichiometry of the dielectric during subsequent high-temperature annealing. This 

behavior was closely correlated to the diminution of GaAs native oxides and elemental-As 

defects and their unwanted diffusion. In addition, thermal processing under an O2 atmosphere, 

relative to that under N2, decreased the thickness of the Al2O3 gate dielectric and relieved the 

Jg degradation induced by metallic arsenic; as a result, superior dielectric reliability was 

attained. We discussed the underlying thermochemical reactions that account for these 

experimental observations. Furthermore, it was also found that degreasing GaAs into (NH4)2S 

solution with C4H9OH used as solvent clearly reduced the amount of As-As and AsOx surface 

species and formed more sulfur bondings to GaAs; the flatter surface morphology was also 

characterized. A higher electrical improvement was indeed presented by replacing H2O with 

C4H9OH as sulfidizing solvent, again thanks to the elimination of more As-related defects as 

well as the higher sulfur coverage on GaAs. It is believed that the (NH4)2S-C4H9OH treatment 

can be adopted on the InGaAs/InSb substrates or integrates with other passivation methods to 

provide the better surface quality for realizing high-performance high-k/III-V devices. 
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Table. 5.1 Chemical ratios of As 2p3/2 and Ga 2p3/2 spectra for the GaAs substrate after 

undergoing different wet-chemical procedures. Note that the surface of all 

samples has been exposed to air for ca. 10 min prior to chemical analysis. 
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Table. 5.2 Calculated relative concentrations of GaAs oxides and stoichiometric O-to-Al 

ratios in as-deposited ALD-Al2O3 thin films before and after chemical 

treatment with (NH4)2S. Note that the As 2p3/2, Ga 2p3/2, Al 2p, and O 1s core 

levels were used by considering the atomic sensitivity factor. 

 

Table. 5.3 Chemical bonding ratios of As 3d and Ga 3d core levels determined by fitting 

the XPS data from Fig. 5.5. Note that the contribution of the O 2s emission has 

been excluded. 
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Table. 5.4 Solid state chemical reactions of Ga–As–O associated systems. All these 

equations are separated into four parts. 
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Table. 5.4 (Conti.) Solid state chemical reactions of Ga–As–O associated systems. All 

these equations are separated into four parts. 
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Table. 5.5 Calculated relative concentration of GaAs oxides and stoichiometric O-to-Al 

ratios in the N2- and O2-annealed ALD-Al2O3 thin films with and without 

(NH4)2S surface passivation. 

 

Table. 5.6 Chemical bonding ratios of As 3d and Ga 3d core levels determined by fitting 

the XPS data from Fig. 5.12. Note that the contribution of the O 2s emission 

has been excluded. 
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Fig. 5.1 (a) Multi-frequency C-V and (b) bidirectional C-V (10 kHz) curves of 

Pt/ALD-Al2O3/n+-GaAs capacitors with different cleaning preparation and 

annealing processes. The Al2O3 films were deposited at 100 °C for 60 cycles. 
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Fig. 5.2 Gate leakage current Jg characteristics of Pt/Al2O3/n-GaAs capacitors. The 

Al2O3 thin films were deposited at 100 °C for 60 cycles. 
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Fig. 5.3 (a) C-V curves of GaAs MOS capacitors with ALD-Al2O3 deposited at 300°C 

for 60 cycles and (b) Comparison of Jg versus CET characteristics of 

ALD-Al2O3/GaAs capacitors deposited at 100 and 300 °C with different 

surface preparation and annealing processes. 
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Fig. 5.4 As 2p3/2 and Ga 2p3/2 XPS spectra of as-deposited ALD-Al2O3 thin films on 

GaAs substrates without and with (NH4)2S sulfide passivation. 

 

Fig. 5.5 As 3d and Ga 3d XPS spectra of as-deposited ALD-Al2O3 thin films on GaAs 

substrates with and without (NH4)2S sulfide passivation.  
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Fig. 5.6 (a) Multi-frequency and (b) bi-directional C–V characteristics and (c) gate 

leakage current (I–V) curves of GaAs MOS capacitors with as-deposited Al2O3 

thin films after (NH4)2S passivation and PMA at 400 °C. 
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Fig. 5.7 HRTEM images of Pt/Al2O3/sulfidized-GaAs structures with different 

deposition cycles and PDA conditions: (a) 100 cycles, N2 PDA; (b) 100 cycles, 

O2 PDA; (c) 60 cycles, O2 PDA. PDA temperature: 600 °C. 
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Fig. 5.8 Multi-frequency C–V curves of sulfidized-GaAs MOS capacitors with Al2O3 

thin films annealed for (a) 100 and (b) 60 deposition cycles. Each inset 

displays the respective C–V hysteresis measured at 100 kHz. 
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Fig. 5.9 I–V Characteristics of the MOS capacitors analyzed in Fig. 5.8. Inset: Plot of Jg 

(at Vg = 2 V) versus CET. 

 

Fig. 5.10 Stress time dependence of the gate leakage Jg for Pt/ALD-Al2O3/GaAs MOS 

capacitors under a constant Vg stress of 5 V (at the left y-axis) and a constant 

Eox stress of 8.5 MV cm–1 (at the right y-axis), respectively.  
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Fig. 5.11 As 2p3/2 and Ga 2p3/2 XPS spectra of 600 °C-annealed Al2O3 thin films on the 

sulfidized GaAs substrate. The contributing chemical components were 

extracted and are displayed in the respective spectra.  
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Fig. 5.12 As 3d and Ga 3d XPS spectra of 600 °C-annealed Al2O3 thin films on the 

sulfidized GaAs substrate. The contributed chemical components were 

extracted and are displayed in the respective spectra. 

 

Fig. 5.13 SIMS depth profiles of the Al2O3/GaAs samples analyzed in Fig. 5.12. The 

diffusion of As- and Ga-related chemical species into overlying high-k film 

was observed. 
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Fig. 5.14 Ga 2p3/2 and As 2p3/2 XPS spectra of GaAs substrate subjected to different 

wet-chemical procedures. Four components were extracted in Ga 2p3/2 spectra: 

GaAs, GaSx, Ga2O, and Ga2O3, while five components were extracted in As 

2p3/2 spectra: GaAs, elemental As, AsSx, As2O3, and As2O5. 
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Fig. 5.15 AFM images of the NH4OH-cleaned GaAs substrates (a) before and (b) after 

receiving (NH4)2S-C4H9OH(10%, 60 °C) chemical treatment, respectively. 

 

Fig. 5.16 TEM image of the as-deposited Pt/ALD-Al2O3(60 deposition cycles)/GaAs 

MOS structure with (NH4)2S-C4H9OH(10%, RT) chemical treatment. 
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Fig. 5.17 Multi-frequency C–V curves of Pt/Al2O3/n-GaAs capacitors (a) with different 

wet-chemical procedures; (b) before and after 600 °C PDA. (c) Variations of 

the frequency response of △C and △V values. 
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Fig. 5.18 (a) The I–V characteristics of Pt/Al2O3/n-GaAs capacitors with various 

sulfidizing conditions (solid symbols) before and (open symbols) after 600 °C 

PDA in O2 ambient, respectively. (b) Comparison of Jg versus CET or EOT 

characteristics for our work with other’s published data [2], [6], [48]-[51]. 
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Chapter 6 

 Inversion-Mode Ge p- and n-MOSFETs and 

Depletion-Mode GaAs n-MOSFET with 

Atomic-Layer-Deposited Al2O3 Gate Dielectrics  

6.1  Introduction  

When Si complementary metal-oxide-semiconductor (CMOS) technologies gradually 

approximate to 22 nm node, the field of high mobility semiconductor materials is renewed in 

MOS field effect transistor (MOSFET) applications to pursue much higher device 

performance. In particular, Ge- and III-V-based channels featuring various prevailing gate 

dielectrics are promising structures to use in place of conventional Si MOSFETs. 

Nevertheless, several formidable challenges remain if we are to realize state-of-the-art Ge 

devices. The first bottleneck is the water-solubility and poor thermal stability of its native 

oxide. Even though GeO2–Ge interfaces can be prepared with excellent quality [1], 

subsequent thermal processing is likely to degrade the gate stack integrity. Fortunately, recent 

developments in high-k material deposition and surface pretreatment methods—e.g., thermal 

annealing in SiH4 ambient [2] and atomic N radical plasma [3]—have expanded the 

possibilities in this field. Other key obstacles are the smaller band gap of Ge and the higher 

intrinsic carrier concentration (ca. 1013 cm–3; cf. ca. 1010 cm–3 in Si), which lead to larger 

junction leakage currents [4]. In addition, because a higher thermal budget is required during 

n-type dopant activation, more rapid dopant diffusion (either out of the surface or into the 

substrate) and lower electrical activation are generally observed. A shallow source/drain (S/D) 
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junction possessing an acceptable off-state current, within the range from 10–4 to 10–7 A cm–2 

[5], will be required if we are to achieve higher device performance. 

Although superior high-k/Ge p-FET characteristics have been reported recently [6], [7], 

the fabrication of promising Ge n-FETs remains challenging because of the resulting low 

electron mobility. Such n-FET degradation behavior can be explained in terms of the 

asymmetrical distribution of interface states, the surface Fermi level (EF) pinning, and the 

junction issues mentioned above. On the other hand, still several promising n-FET device 

characteristics based on (In)GaAs- and InSb-based III-V channels have been continually 

demonstrated [8]-[10], and their performance even surpassed the strained-Si transistor at the 

sub-micro gate length [10]. In fact, for obtaining the superior III-V device performance, it is 

essential to achieve the unpinned oxide/substrate interface. Such a EF pinning effect—arising 

from the onset of high interfacial state density (Dit)—actually casts some doubts on the 

anticipated performance [11]. Even up to date, this pinning issue is still of interest and more 

challenging for the dielectrics on GaAs substrate, relative to on InGaAs, because of having a 

larger energy difference between the charge neutrality level and the conductance band edge 

[12]. Various kinds of the modified wet-chemical procedures and passivation methods, such 

as acid-alcohol solution [13], hydrogen clean [14], Si capping layer [15], [16], 

silane-ammonia [17], and sulfur treatment [18], are adopted to eliminate the native oxides and 

other surface defects. 

From several literatures, it was found that the deposition of Al2O3 or the incorporation of 

Al into HfO2 dielectrics on Ge substrates can improve the device characteristics—e.g., 

decreased intermixing [19] and lower Dit [20], [21]—relative to those of the system in which 

HfO2 is applied directly onto the Ge substrate. Hence, the characteristics of 

atomic-layer-deposited (ALD) Al2O3 gate dielectrics on either Ge channels or substrates are 

worth studying in more detail. Herein, we firstly focused on the structural and electrical 

characteristics of Ge junction diodes—in particular, the n+p junction. We also analyzed the 
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underlying leakage paths and mechanisms. We adopted gate-last processes when fabricating 

the Ge devices to avoid degradation of the Al2O3–Ge interface during the high-temperature 

treatment required for S/D activation. Moreover, we also investigated the effects of forming 

gas annealing (FGA) on the Ge junction and device properties—including the reverse leakage 

current, dielectric interface quality, subthreshold swing, and on/off ratio. We also succeeded 

to fabricate the depletion-mode (D-mode) GaAs n-MOSFETs with ALD-Al2O3 gate 

dielectrics on the molecular beam epitaxy (MBE) GaAs structures.  

 

6.2  Experimental Procedures 

6.2.1 Fabrication of Ge N+P Junction Diodes 

Gallium-doped (ca. 2 × 1015 cm–3) Ge UMICORE substrates were used to study the Ge 

n+p diodes through a two-mask processing layout. We used plasma-enhanced chemical vapor 

deposition (PECVD) to deposit a SiO2 isolation layer having a thickness of 420 nm to define 

the P implantation regions, which were implanted at doses of 2 × 1014 and 1 × 1015 cm–2 at 30 

and 60 keV, respectively. Subsequent rapid thermal annealing (RTA) in a N2 ambient was 

performed at temperatures ranging from 500 to 700 °C and for lengths of time ranging from 

30 to 90 s. During dopant activation, a PECVD-SiO2 layer (50 nm) was deposited as the 

capping layer to examine the improvement in the junction. Finally, a 500-nm-thick layer of Al 

metal was deposited and then defined as gate and substrate contacts using a lift-off process. 

Secondary ion mass spectrometry (SIMS) was used to analyze the P dopant profile (note that 

surface oxide layer was removed prior to analysis). 

6.2.2 Fabrication of Gate-Last Ge p- and n-MOSFETs 

This fabrication step employed n- and p-type (100) Ge wafers that had been doped with 
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Sb and Ga dopants at levels of 1 × 1014 and 2 × 1015 cm–3, respectively. These two substrates 

were pre-cleaned through cyclic rinsing with dilute hydrofluoric acid and deionized water, 

and then they were capped with a 420-nm-thick layer of SiO2 that acted as the field oxide. 

The source/drain (S/D) junction region was then opened, followed by implantation of the B (1 

× 1015 cm–2, 60 keV) and P (1 × 1015 cm–2, 30 keV) dopants into the respective n-Ge and p-Ge 

substrates. In the N2-RTA split conditions, the annealing temperatures were studied in the 

range 500–650 °C for the B dopant and 650–700 °C for the P dopant. The annealing time was 

maintained at 30 s for all devices. In addition, considering the onset of severe P out-diffusion 

during activation, the deposition of a SiO2 capping layer was required for the n-FET. The SiO2 

was subsequently removed from the active region and then the Al2O3 high-k gate dielectric 

was deposited at 170 °C for 100 cycles in ALD. After excavating the S/D contact holes, Al 

metallization was performed with patterning to define the metal pads; the substrate contact 

was prepared directly through thermal evaporation of Al onto the Ge backside. The overall 

MOSFET structures were subjected to FGA in a H2/N2 (10%) mixed ambient at a temperature 

of 300, 350, or 400 °C for 30 min. 

6.2.3 Fabrication of Depletion-Mode GaAs n-MOSFET 

We employed the MBE system to grow the GaAs stack structure for fabrication of the 

D-mode MOSFET, as the scheme displayed in Fig. 6.1. We did the mesa isolation and then 

opened the n-GaAs channel region by etching in a solution of H3PO4:H2O2:H2O = 60:20:1500 

(the etching rate ~0.785 nm/s). The ALD-Al2O3 of 120 deposition cycles was deposited as 

gate dielectric with the following metallization of Al gate. Subsequently, the tri-layer of 

Au(200-nm)/Ge(70-nm)/Ni(30-nm) was deposited at the S/D region by using e-beam system 

and lift-off process, followed by PDA at 400 °C for 1 min to form Ohmic contact. 

Transmission electron microscopy (TEM) was used to characterize the capacitor and device 
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structures; while the element depth profiles of the AuGeNi alloy were analyzed via Auger 

electron spectroscopy (AES) using Ar+ ion sputtering. 

For these fabricated junction and devices, current–voltage (I–V), capacitance–voltage 

(C–V), and conductance–voltage (G–V) characteristics were measured using a Keithley 4200 

semiconductor analyzer system and an HP4284 LCR meter, respectively. 

 

6.3  Effect of Forming Gas Annealing on Ge p-MOSFET 

Characteristics 

6.3.1 P+N Ge Junction Characteristics 

Figure 6.2 displays the effects of FGA on the junction characteristics of Ge p-FETs that 

had been subjected to dopant activation at 500 °C. The reverse leakage current density (JR) for 

the as-activated junction was 2 × 10–2 A cm–2 at –1 V. A gradual increase in JR occurred for 

temperatures above 500 °C (not shown), possibly because of a rougher surface morphology or 

a smaller dopant loss [22]. We suspect that the value of JR obtained in this case arose mainly 

from the contribution of the generation current, which is dependent on not only the level of 

substrate doping but also the extent of residual metal contamination after surface cleaning [23] 

or device fabrication processing. A larger resultant depletion width for a substrate having 

lower levels of doping and metal contamination will obviously lead to more 

defects—including both bulky defects in the Ge substrate and on the surface states at the 

isolation region—residing inside the depletion region; in turn, this phenomenon will result in 

a larger generation current. Because the doping level of the substrate used here was as low as 

1 × 1014 cm–3, we believe that, rather than metal contamination, defects arising from Ge wafer 

manufacturing and our employed isolation techniques were the primary culprits for the 

observed high leakage current [24]. Using previously reported equations for calculating the 
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diffusion (Jdiff) and generation (Jgr) current densities in a diode [14], we estimated the values 

of Jdiff and Jgr to be ca. 2.8 × 10–4 and 1 × 10–2 A cm–2, respectively, for our low-doped (1014 

cm–3) n-Ge substrate—assuming the presence of a bulk trap density (NT) of 1015 cm–3 and a 

capture cross-section of 10–15 cm–2 [4], [26], [27]. Consistent with our experimental results, 

the value of Jgr prevailed over that of Jdiff to dominate the junction leakage. This behavior is 

consistent with a recent report in which the value of JR increased significantly in a Ge p+n 

junction when the substrate doping was as low as ca. 1015 cm–3, due to the enhanced rate of 

generation of thermally activated electron/hole pairs in the depletion layer [28]. Using a 

MEDICI simulator, those authors predicted this substrate dopant-level dependence of the Ge 

junction leakage, which was not observed in the Si counterpart. As a result, we think that the 

density of the defects in the Ge substrate shall be indispensably eliminated in order to obtain 

better electrical property of the diode. 

We found that performing the FGA process mainly impacted the degree of reverse 

leakage and slightly enhanced the forward current of the diode. The inset to Fig. 6.2 presents 

the Weibull plots of the values of JR at a reverse bias (VR) of –1 V. Performing FGA at a low 

temperature of 300 °C decreased the value of JR to 10–2 A cm–2, whereas it increased 

continuously to 3 × 10–2 and 10–1 A cm–2 at FGA temperatures of 350 and 400 °C, respectively. 

We suspect that the FGA process induced junction degradation as a result of the increased 

roughness around the contact hole periphery that accompanied bulk-trap generation during 

Al-germanide formation. Similar phenomena, either the presence of voids of different sizes 

[29] or metal-induced deep traps inside Ge [30], have been characterized during the formation 

of Ni- and Co-germanides. Scanning electron microscopy (SEM) images (not shown) did not 

reveal the formation of any voids after FGA at 400 °C; we did, however, observe an increase 

in morphological damage of the S/D metal pads, but not in the gate and channel regions. 

6.3.2 Device, Reliability, and Mobility Characteristics 
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Several studies have demonstrated that FGA or pure H2 annealing can result in improved 

high-k/Ge interfaces [3], [7], [31]. Using the conductance method and charge pumping 

measurements, we did indeed obtain a lower value of Dit of 8 × 1011 cm–2 eV–1 for the MOS 

capacitors after performing FGA at 300 °C. Hence, we anticipated that the fabricated p-FETs 

would exhibit enhanced performance as a result of improvements to both the p+n junction and 

the dielectric interface. Figs. 6.3(a) and 6.3(b) display the respective Ids–Vgs and Ids–Vds 

characteristics of the p-FETs fabricated with and without FGA. Not surprisingly, the devices 

subjected to FGA at 300 °C exhibited superior performance: a higher drive current (ca. 1.8×), 

a better on-off current ratio (greater than three orders of magnitude), a lower leakage current, 

and a reduced subthreshold swing (SS) of ca. 185 mV decade–1.  

Negative bias temperature instability (NBTI) is an important reliability issue for high-k 

dielectrics on Si, and also on Ge. Figs. 6.4(a)–(d) present results for device degradation in 

terms of changes in the values of Isat, the transconductance maximum (Gm), and SS and the Vth 

shift under NBTI stress. We applied two stress biases (–3.0 and –3.2 V) to the Ge p-FET 

samples. In the absence of hydrogen passivation, we detected severe electrical deterioration 

after applying the stress for 103 s, notably a value of ΔId/Id of 23–35%, a value of ΔGm/Gm of 

ca. 10%, rapid degradation in the value of SS, and a large negative Vth shift (>250 mV). 

Because the mechanisms occurring during the NBTI degradation for high-k gate dielectrics 

are similar to those observed in SiO2 [32], we suspected that subsequent FGA might aid in 

effectively repairing dangling bonds and defects inside the GeOx IL, in turn boosting the 

dielectric quality and interfacial reliability. Fig. 6.5 presents a plot of the extracted channel 

hole mobility with respect to the effective electric field, together with data reported in two 

previous publications [7], [33]. Our ALD-Al2O3/Ge p-FET exhibited superior mobility 

behavior over the Si hole universal curve. The peak mobility was ca. 225 cm2 V–1 s–1, an 

improvement of ca. 25%. This value is comparable with that for an NH3-nitrided HfO2/Ge 

structure, but poorer than that for a reported HfO2/Ge structure that had been subjected to Si 
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passivation. As a result, we believe that adopting an ultra-thin Si capping layer—the thickness 

of which needs optimization—should further improve the channel mobility [34], [35]. In 

addition, the techniques employed for deposition and Ge surface preparation are critical in 

determining the quality of this Si IL and the resultant improvement in mobility in the Ge 

devices. 

 

6.4  Effect of Dopant Activation on N+P Ge Junction 

Characteristics 

6.4.1 N+P Ge Junction Characteristics 

The presence of an n+p shallow junction having an acceptable leakage current is critical 

to obtaining high-performance Ge n-FETs. Previous studies of P ion implantation in Ge [36], 

[37] have revealed that an RTA temperature above 500 °C is essential to achieving sufficient 

dopant activation and full recrystallization of the amorphous Ge region. In this study, we 

found that an annealing temperature of 500 °C was insufficient to repair all of the 

implant-induced damage, as indicated in Fig. 6.6(a). Raising the temperature to 700 °C 

decreased the value of JR to 3.5 × 10–4 A cm–2, a reduction of more than two orders of 

magnitude relative to the value obtained for the sample prepared at 500 °C case, even though 

the value of JF had deteriorated. After capping with a 50-nm-thick SiO2 layer, we observed an 

improvement (increase) in the value of JF upon increasing the RTA temperature [Fig. 6.6(b)]. 

A difference of up to five decades was achieved between the JF and JR curves after RTA at 

700 °C; the value of JR was ca. 2.1 × 10–4 A cm–2, close to the calculated value of Jdiff of 1.4 × 

10–4 A cm–2 for an ideal Ge n+p diode. After extending the annealing time to 60 s, the value of 

JR remained unchanged, irrespective of the implantation energy [30 or 60 keV; Fig. 6.6(c)]. In 

contrast, annealing for 90 s led to a severe increase in leakage, by at least one order of 
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magnitude. We interpret these characteristic differences in terms of variations in surface 

resistance, with further evidence supplied by SIMS analyses and electrical measurements. 

6.4.2 Phosphorous Dopant Diffusion Characteristics 

Figures 6.7(a)–(c) display the respective SIMS depth profiles of the n+p diodes 

discussed in Fig. 5. For the lower implantation case (2 × 1014 cm–2, 30 keV) in Fig. 6.7(a), 

annealing at 500 °C for 30 s led only to flattening in the high-concentration region without 

any significant junction diffusion, revealing a box-shaped chemical profile. Fig. 6.7(b) reveals 

a similar “box profile” for the higher implanted case (1 × 1015 cm–2, 30 keV) after RTA at 600 

°C for 30 s. Taking a close look at these two sets of results, it was clear that the P diffusion 

rate was much faster at a concentration level of ≧ 1 × 1019 cm-3, indicative of 

concentration-enhanced inner diffusion of P in Ge [36]–[38]. In contrast, we detected no 

significant movement of the P dopant profile at low implantation concentrations (e.g., ＜1 × 

1019 cm–3) [38]. In addition, unlike the “box profile” features observed at annealing 

temperatures below 600 °C, an increase in temperature to 700 °C caused strong P diffusion 

and resulted in a complementary error function profile. This difference correlated to the 

surface P dopant concentration under intrinsic or extrinsic diffusion conditions, i.e., it was 

dependent on the value of the so-called “intrinsic carrier concentration” (nin) during activation; 

more details are available elsewhere [39]. Furthermore, Fig. 6.7(c) displays evidence for P 

pile-up at a distance of 20 nm from the top surface, with peak concentrations of up to (5–7) × 

1019 cm–3 after SiO2 passivation. It has been reported previously [38] that the amounts of P 

dopant loss were ca. 40% and >60% after RTA at 500 and 600 °C, respectively; therefore, it is 

very likely that severe out-diffusion occurred in our system at a temperature of 700 °C. We 

speculate that the resultant surface P concentration influenced the contact resistance, thereby 

affecting the n+p forward junction characteristics in the samples prepared with and without a 
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SiO2 capping layer. 

6.4.3 Diode Resistance Analysis 

To confirm our suspicions, we examined the magnitudes of the resistance components in 

the test structure. Fig. 6.8(a) displays the test structure, which allowed current transport 

between two metal pads within the P-implanted region. We obtained the overall contact 

resistance (2Rcont) by subtracting the value of the transport resistance (Rtran) from the total 

resistance (Rtotal). Here, the value of Rtotal was extracted from the slope of the measured I–V 

curve, while the value of Rtran was the product of the measured sheet resistance and the 

constant L/W ratio of 1.6. Fig. 6.8(b) summarizes our results. Upon increasing the RTA 

temperature (from 500 to 700 °C), a larger resistance increase (from 285 to 650 Ω), 

contributed mostly by the value of Rcont, occurred in the uncapped samples as a result of 

significant dopant out-diffusion. With SiO2 capping, we observed a considerable reduction in 

the values of Rtotal (<270 Ω), reaching an especially low value of ca. 150 Ω after RTA at 700 

°C. Therefore, we conclude that a suppressed dopant loss (and, hence, an enhanced surface 

active P concentration) was responsible for the resulting improved junction characteristics, 

even though different implantation conditions were employed in the two cases. Again, further 

extending the annealing time to 90 s caused a slight increase in resistance. Returning to the 

corresponding SIMS profile [Fig. 6.7(c)], we also explored the continuous surface P 

segregation with the deeper in-diffused junction. Its accumulation concentration already 

exceeded the allowed activation level of (5–6) × 1019 cm–3 in Ge, possibly forming inactive 

precipitates that functioned as the leakage current path [37]. We suspect that these concurrent 

events were responsible for the degraded junction leakage after longer annealing times, as 

observed in Fig. 6.6(c). 

6.4.4 Reverse Leakage Current Analysis 
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In principle, two leakage components contribute to the value of JR in a diode, namely the 

perimeter current density (JP) and the area current density (JA), as represented schematically 

in the inset to Fig. 6.9(c). Using Eq. (6.1), we determined the origin of the junction leakage by 

designing diodes having various area (A)-to-perimeter (P) ratios, 

IR = JA．A + JP．P (6.1) 

where JA represents the generation-recombination centers in the depletion region as well as 

resulting carrier diffusion, while JP represents the surface states existing at the 

isolated-oxide/substrate interface. Interestingly, Figs. 6.9(a) and 6.9(b) reveal a transition for 

the dominant term from JP to JA upon changing the RTA temperature from 600 to 700 °C, 

presumably because RTA at 700 °C decreased the contribution of the JP term dramatically, as 

indicated in the extracted results in Fig. 6.9(c). In particular, for the uncapped samples we 

observed a reduction in JP of three orders of magnitude, from ca. 10–3 to 10–6 A cm–1; a similar 

decrease occurred for the value of JP in the capped samples. This behavior indicates that 

high-temperature annealing decreased the surface recombination velocity at the SiO2–Ge 

interface, although determining the details of the repair mechanism will require further 

investigation. In addition, the increase in the values of JP for annealing times greater than 30 s 

provides evidence of surface perimeter leakage degradation for the longer thermal budget. 

 

6.5 Effect of Forming Gas Annealing on Ge n-MOSFET 

Characteristics  

Figures 6.10(a) and 6.10(b) present the Ids–Vgs and Ids–Vds curves of the Ge n-FETs 

before and after FGA at 300 °C, respectively. For the control sample, the on/off current ratio 

approximated three orders of magnitudes, with values of SS and Dit of ca. 489 mV decade–1 
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and 4.7 × 1012 cm–2 eV–1, respectively. Subsequent FGA treatment decreased the value of Dit 

to 1.9 × 1012 cm–2 eV–1, which was still higher than that (8 × 1011 cm–2 eV–1) obtained for the 

p-FETs. This difference appears to correlate to the typical characteristics of an asymmetric 

energy distribution of Dit—a higher value of Dit exists in the upper half of the Ge bandgap 

[40]. From the Ids–Vds curves, we observed a 6.5 (±0.5)-fold enhancement in Isat after 

performing FGA at 300 °C, due to a decrease in the value of Rsd from 385 to 124 Ω that was 

caused by decreasing the Schottky barrier height [41]. Nevertheless, the on/off ratio was 

degraded by only two orders of magnitude. Almost complete loss of the Ge n-FET transfer 

characteristics occurred in the device subjected to FGA at 400 °C (not shown here). Such 

acute degradation in the n-FETs, but not in the p-FETs, probably arose from the severe P 

dopant loss and the rougher morphology of the Al S/D metal. In other words, the negligible 

diffusion of the B dopant in Ge was probably the major cause of the lack of serious p-FET 

junction degeneration. 

Figure 6.11 reveals that the extracted channel mobility in the n-FET device was lower 

than that in the p-FET device—and far below the published values for electron mobility [33], 

[42], [43]. Apart from the relatively high level of Dit playing a significant scattering role, the 

lower electron mobility in our n-FET devices most likely resulted from other two factors: (i) 

because of a severe EF pinning effect, the higher value of Rsd limited the drive on-current 

capacity and, hence, the value of Gm; (ii) because the doping level of p-Ge substrate was 

relatively low (ca. 1015 cm–3), more acceptor-like states could be filled to prevent efficient 

inversion during the operation of the n-MOS device [44]. In fact, even if Si passivation had 

been performed with these Ge n-FETs, the exhibited electron mobility remained far below the 

Si electron universal curve. Considering this issue from the viewpoint of Ge-based devices, 

the emerging concept of integrating InGaAs n-MOS and Ge p-MOS devices on the chip has 

been attracting much attention recently. From the viewpoints of material film integration and 

device process technology, however, understanding the bonding configuration and the role of 
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possible intrinsic defects at the dielectric–Ge interface remains imperative, requiring either 

the first-principle calculations or Monte Carlo simulations. 

 

6.6  Characteristics of GaAs n-MOSFET Characteristics  

Since forming a good Ohmic contact is essential to achieve the excellent performance of 

D-mode GaAs nMOSFET, therefore, the AES depth profiles of alloyed Au/Ge/Ni tri-layer on 

GaAs were analyzed in Figs. 6.12(a) and 6.12(b), respectively. Alloying at 400 °C caused 

extensive interdiffusion between metal layer and GaAs substrate with respect to the 

as-deposited profile. Both Ge and Ni diffused onto the top surface and also interacted with 

GaAs severely. Further from the TEM image in Fig. 6.13(b), Ni and Ge reacted with each 

other not only forming a NiGe compound (in the ratio of 1:1) in the upper layer but also 

causing pits inside the GaAs substrate. Some traces of Ga and As were also detected in the 

upper metal alloys. These findings showed the similar behavior to the several reported studies 

[45]-[47], and the reaction mechanism was also widely investigated [46], [47]. With the 

analysis of transfer length method (TLM), the measured specific contact resistivity was 2.9 × 

10-5 Ω·cm2, acting a good Ohmic contact. Fig. 6.13(a) shows the TEM image of the overall 

GaAs n-MOSFET structure. The average distance between the Al gate and the AuGeNi S/D 

was ca. 3 um and also the rough morphology of AuGeNi alloy was observed at the S/D region. 

From the zoom in picture of the Al/ALD-Al2O3/n-GaAs in Fig. 6.13(c), the physical dielectric 

thickness was 12.5(±0.5) nm, which corresponded to have the CET value of 5.4 nm. 

Figure 6.14(a) illustrates the Id–Vg transfer characteristics in the linear and saturations 

for D-mode ALD-Al2O3/GaAs n-FET with (NH4)2S-C4H9OH interfacial passivation. For 

device with the gate length/width of 5/100 μm, the values of Vth was -3.8 V and the values of 

Gm at Vd = 1.1/3.1 V were 43/59 mS/mm, respectively. In addition, well saturation and 

pinch-off characteristics were presented in the Id–Vd curves [Fig. 6.14(b)] with the gate 
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overdrive Vg-Vth ranging from -1.2 to 4.8 V in steps of 1 V. The maximum Id was 250 mA/mm 

measured at Vg-Vth = 4.8 V, Vd = 4 V. The extracted peak electron mobility was only 336 

cm2V-1s-1, higher than the value of 212 cm2V-1s-1 for the non-sulfidized GaAs device (not 

shown here). But, the device properties are still not comparable to the reported performance 

of D-mode HfO2/GaAs devices with α-Si interfacial passivation layer [48]. This may be 

correlated to a higher Dit still existed at the dielectric-GaAs interface. Further modulation of 

the ALD film deposition as well as optimization of the wet-chemical clean and PDA processes 

are required. Here, we want to reassert that executing the sulfidization with the solvents of 

lower dielectric constant, e.g., (NH4)2S + C4H9OH, is relatively effective to improve the 

quality of GaAs surface prior to high-k deposition. It is also possible to implant this chemical 

treatment along with other passivation methods in pursuit of superior high-performance 

high-k/III-V n-MOSFET. 

 

6.7  Conclusions 

In Chapter 6, we investigated the characteristics of Ge junction diodes and gate-last p- 

and n-MOSFETs with the ALD-Al2O3 gate dielectrics. The magnitudes of the rectifying ratios 

for the Ge p+n and n+p junctions exceeded three and four orders of magnitude (in the voltage 

range of ±1 V), respectively, with accompanying reverse leakages of ca. 10–2 and 10–4 A cm–2, 

respectively. It was also found that the origin of the leakage path, governed by surface 

perimeter or junction area, was mainly dependent on the thermal budgets adopted in devices 

(i.e., dopant activation and FGA). In addition, performing FGA at 300 °C boosted the device 

on-current, decreased the Al2O3/Ge interface states to 8 × 1011 cm–2 eV–1, and improved the 

reliability of bias temperature-instability. The peak mobility and on/off ratio reached as high 

as 225 cm2 V–1 s–1 and >103, respectively, for the p-FET (W/L = 100 μm/4 μm), while these 

values were less than 100 cm2 V–1 s–1 and ca. 103, respectively, for the n-FET (W/L = 100 
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μm/9 μm). The relatively inferior n-FET performance resulted from the larger S/D contact 

resistance, higher surface states scattering, and lower substrate doping concentration. 

In accordance with the studies of (NH4)2S-C4H9OH chemical passivation on GaAs 

substrate in Chapter 5, herein, we employed such an alcoholic sulfide treatment to fabricate 

the D-mode GaAs n-MOSFETs and successively demonstrated their transfer and output 

characteristics. The maximum Id was 250 mA/mm measured at Vg-Vth = 4.8 V, Vd = 4 V. The 

extracted peak electron mobility was only 336 cm2V-1s-1, indicative of the more optimization 

in the dielectric/GaAs interface quality. Perhaps, the (NH4)2S-C4H9OH treatment can be 

adopted on the InGaAs/InSb substrates or integrates with other passivation methods to 

provide the better surface quality for realizing high-performance high-k/III-V devices. 
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Fig. 6.1 Scheme of the depletion-mode GaAs n-MOSFET structure. 
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Fig. 6.2 I–V characteristics of p+n junctions activated at 500 °C, before and after 

performing FGA. Inset: Weibull plot of the value of JR at VR = –1 V. 
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Fig. 6.3 Effects of FGA at 300 °C on the (a) Ids–Vgs and (b) Ids–Vds characteristics of 

ALD-Al2O3/Ge p-FETs (W/L = 100 μm/4 μm). 
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Fig. 6.4 NBTI characteristics of ALD-Al2O3/Ge p-FETs prepared with and without 

FGA at 300 °C. 
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Fig. 6.5 Effective hole mobility of ALD-Al2O3/Ge p-FETs plotted with respect to the 

effective field; published mobility data are also presented [7], [33].  
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Fig. 6.6 Effects of activation conditions and SiO2 capping layer on the n+p junction 

characteristics: (a) 500–700 °C, 30 s, without SiO2; (b) 600–700 °C, 30 s, with 

SiO2; (c) 700 °C, 30–90 s, with SiO2. 
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Fig. 6.7 SIMS depth profiles of the P-implanted Ge junctions discussed in Fig. 5: (a) 

500–700 °C, without SiO2; (b) 600–700 °C, with SiO2; (c) 30–90 s, with and 

without SiO2. Inset: Expanded image of the SIMS profile at the surface region 

(<100 nm). 
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Fig. 6.8 (a) Schematic representation of the contact and transport resistances between 

two Al metal pads within the same P-implanted region. (b) Extraction of the 

values of Rtotal, Rtran, and Rcont under various activation conditions and SiO2 

capping effects. The gray region labels are values equal to two times the 

respective values of Rcont (i.e., 2Rcont). 
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Fig. 6.9 Characteristics of n+p junction currents normalized by the (a) diode area and (b) 

diode perimeter. (c) Extraction of the perimeter leakage component Jp as 

functions of the activation conditions and SiO2 capping effects. Inset: 

Schematic representation of the two main leakage paths (Jp and JA) at the S/D 

contact region; JA comprises the generation-recombination current (Jgr) and 

diffusion current (Jdiff). 
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Fig. 6.10 Effects of FGA at 300 °C on the (a) Ids–Vgs and (b) Ids–Vds characteristics of 

ALD-Al2O3/Ge n-FETs (W/L = 100 μm/8.8 μm).  
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Fig. 6.11 Effective electron mobility of ALD-Al2O3/Ge n-FETs plotted with respect to 

the effective field; published mobility data are also presented [33], [42], [43].  
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Fig. 6.12 AES depth profiles of the Au/Ge/Ni S/D Ohmic contact (a) before and (b) after 

400 °C for 1 min, respectively. 
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Fig. 6.13 TEM images of (a) the D-mode GaAs n-MOSFET structure; (b) alloyed 

Ni/Ge/Au S/D Ohmic contact after 400 °C for 1 min; (c) Al/ALD-Al2O3/GaAs 

channel, respectively. 
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Fig. 6.14 (a) Id–Vg and (b) Id–Vd characteristics of the D-mode ALD-Al2O3/GaAs 

n-MOSFET with (NH4)2S-C4H9OH chemical treatment, respectively. 
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Chapter 7 

Conclusions and Suggestions for Future Work  

7.1  Conclusions of this study 

  In this thesis, we have studied the deposition of various high-k dielectric films, including 

HfOxNy, Al2O3, and Gd2O3, onto the bulk Ge and GaAs substrates and systematically 

investigated their capacitor and device characteristics. We first adopted two surface 

passivation methods—the NH3 plasma and the Si2H6 thermal annealing—to improve the 

high-k/Ge capacitor characteristics, while also deeply examined the effects of (NH4)2S 

chemical treatment on the electrical improvements of high-k/GaAs MOS capacitors. In the 

following, various kinds of thermal processing, like post-deposition annealing (PDA), 

post-metallization annealing (PMA), and forming-gas annealing (FGA), were employed to 

further improve the Ge and GaAs device properties. Finally, we also successively 

demonstrated the characteristics of inversion-mode Ge p- and n-MOSFETs and 

depletion-mode GaAs n-MOSFET with the atomic-layer-deposited Al2O3 gate dielectrics, 

respectively. Herein, we summarized the experimental results as follows: 

For the HfOxNy sputtered films on Ge substrates, we observed a U-shaped distribution of 

Ge atoms into the overlying HfOxNy dielectric and an increased Ge incorporation (>17 at.%) 

after higher thermal processing. Although high-temperature annealing did improve the 

interface qualities, they also caused a positive shift of the VFB, severe charge trapping, and 

increased gate leakage current (Jg) considerably; which are closely related to the existence of 

GeOx defective layer and the degree of resultant GeO desorption. These problems could be 

relieved after performing NH3 plasma pretreatment on the Ge surface; in particular, 
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suppressing the amount of Ge incorporation (<5 at.%) and the sub-stoichiometric oxide at 

dielectric-substrate interface. Evidently, capping the Ge substrate with an ultrathin Si layer 

also efficiently inhibited the incorporation of Ge into the HfOxNy bulk dielectric, thereby 

diminishing the oxide charge trapping. We suggested that both surface nitridation and Si 

capping processes actually diminished the volatilization of gaseous GeO and enhanced the 

thermal stability of the high-k/Ge interface. 

Next, we employed the ALD system to deposit the Al2O3 thin films on Ge over the wide 

deposition temperatures. Physical analyses revealed that an increase in the deposition 

temperature can enhance the Al2O3 film density and its dielectric stoichiometry, but 

temperatures above 200 °C led to formation of a GexAl1–xO intermediate layer, which in turn 

caused an increasing Jg and a higher interface state density (Dit, >1013 cm–2 eV–1). 

Furthermore, although N2 RTA at 600 °C abated the resultant oxygen-excessive behavior, i.e., 

providing a more stoichiometric film, interfacial GeOx volatilization still caused the greater 

electrical degradation. In contrast, FGA at 300 °C improved the Pt/Al2O3/Ge capacitor 

properties, including lower values of Dit (ca. 6 × 1011 cm–2 eV–1) and Jg and reduced hysteresis 

width. Interestingly, we attempted to explore the minority-carrier response behavior of Ge 

MOS capacitors through MEDICI simulations and device experiments, and further compare 

their electrical differences with those in traditional Si MOS capacitors. The plot of the 

Arrhenius-dependent substrate conductance (Gsub) indicated a larger energy loss occurring in 

Ge than in Si by at least four orders of magnitude, corresponding to the fast minority-carrier 

response rate. All experimental findings showed almost consistent with the MEDICI 

prediction. We validated that a high value of intrinsic carrier concentration (ni) in Ge, via the 

bulk-trap generation/recombination as well as the diffusion from the bulk substrate, caused 

the onset of low frequency capacitance-voltage (C-V) curves in the kHz regime and the 

gate-independent inversion conductance. From the conductance-voltage (G-V) characteristics, 
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the density of the bulk trap was estimated to be ca. (2–4) × 1015 cm–3 in the low-doped Ge. 

Another main topic in the thesis is the understanding of modified wet-chemical clean and 

(NH4)2S treatment on the electrical characteristics of the high-k/GaAs structures. It was found 

that employing the NH4OH alkaline solution and then (NH4)2S-H2O passivation at 80 °C 

suppressed the formation of GaAs native oxides and elemental As coverage close to dielectric 

interface, thereby improving the electrical performance. The higher oxide capacitance with 

reduced C-V frequency dispersion was shown, which was a direct evidence of abating the 

“Fermi level (Ef) pinning” effect; also, the diminutive hysteresis (<100 mV) was achieved. 

Here, the fabricated Gd2O3/GaAs capacitor after the optimized sulfidization processes can 

exhibit the Jg of ca. 1.5 × 10-5 A/cm2 @ Vg = (VFB + 1) V with the CET of ca. 20 Å, which was 

comparable to the report of high-performance HfO2/GaAs system with an ultrathin Si/Ge 

interfacial layer. We suspected that the inhibited formation of elemental As and native oxides 

at high-k/sulfur-passivated GaAs interface were responsible for these electrical improvements. 

Also, the well-established ALD-Al2O3 dielectric films were deposited on the sulfidized 

GaAs substrates to investigate the interface and capacitor properties. In accordance, the 

sulfidized Al2O3/GaAs capacitors can display the higher oxide capacitances, smaller 

frequency dispersions, decreased hysteresis widths, reduced interfacial state densities, and 

smaller gate leakages, respectively. Moreover, a higher electrical improvement was observed 

by replacing sulfidizing solvent from H2O to C4H9OH; a significant reduction of elemental As 

and AsOx surface species was indeed characterized with an increasing sulfur bonds on GaAs 

substrate. For the Al2O3/GaAs capacitors undergoing thermal annealing processes, the use of 

an O2 ambient, relative to N2, was found to densify the Al2O3 thin film further, alleviate 

charge trapping, and decrease the amount of metallic As generated, thereby enhancing the 

dielectric reliability. We have clarified these phenomena in terms of identifying the latent 
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thermochemical mechanisms. On the other hand, we also noticed another interesting feature 

that the ALD-Al2O3 film deposited at 300 °C relative to that at 100 °C showed the nearly four 

orders of magnitude reduction in Jg at the CET of 40 Å; this finding is opposed to the 

advantages of low-temperature ALD-Al2O3 films on Ge substrates. 

Accompanying above these experiences in high-k/Ge capacitors, we successively 

demonstrated the device characteristics of the inversion-mode Ge p- and n-FETs featuring 

ALD-Al2O3 gate dielectrics. The peak mobility and on/off ratio reached as high as 225 cm2 

V–1 s–1 and >103, respectively, for the p-FET (W/L = 100 μm/4 μm), while these values were 

less than 100 cm2 V–1 s–1 and ca. 103, respectively, for the n-FET (W/L = 100 μm/9 μm). The 

inferior device performance of the n-FETs, relative to the p-FETs, correlated mainly to the 

greater source/drain (S/D) contact resistance, the higher value of Dit scattering, and the lower 

level of substrate doping. Moreover, subsequently performing FGA at 300 °C enhanced the 

driving on-current, decreased the density of Al2O3–Ge interface states, and improved the 

negative bias temperature instability (NBTI) reliability. A higher FGA temperature of 400 °C 

led to a dramatic increase in the off current of the n-FET as a result of severe out-diffusion of 

the P dopant. Herein, we also examined that the dominance of the surface perimeter leakage 

or junction area leakage in Ge reverse n+p junctions was dependent mainly on the thermal 

processing adopted in devices (i.e., dopant activation and FGA). On the other hand, we also 

presented the transfer and output characteristics of depletion-mode ALD-Al2O3/GaAs 

n-MOSFET accompanying the (NH4)2S-C4H9OH chemical passivation. The maximum Id was 

250 mA/mm measured at Vg–Vth = 4.8 V, Vd = 4 V. However, the extracted peak electron 

mobility was only 336 cm2V-1s-1, indicating that optimization of the dielectric/GaAs interface 

was still required. Even so, it is still possible that the (NH4)2S-C4H9OH treatment with the 

process optimization can be adopted onto the InGaAs or InSb substrates or integrates with 

other passivation methods to provide the better surface quality for realizing high-performance 
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high-k/III-V devices.  

 

7.2  Suggestions for Future Work 

 In terms of our experimental observations and several reported studies, it is concluded 

that the characteristic of an asymmetric energy distribution of Dit, which is higher in the upper 

half of the Ge bandgap, causes the device degradation of Ge n-FET. Even to date, the best 

records of peak electron mobility are ca. 400 and 550 cm2V–1s–1 for the respective (100) and 

(111) n-FETs, but, these results are still below the Si universal curves (ca. 600 cm2V–1s–1) at 

the effective field of 0.1 MV/cm. By contrast, as high as 2–3 times improvement is 

characterized in mobility characteristic of Ge p-FET. In consequence, it seems to be 

indispensable to search a new n-FET candidate and probably III-V materials having much 

higher electron mobility are the suitable selection. It is suggested that such an emerging 

concept of combining Ge p-MOS and (In)GaAs (or other III-V) n-MOS devices on the same 

chip, perhaps, is the practical strategy in the prospect of the CMOS future. Of course, this 

novel technique brings several challenges from the viewpoints of material film integration and 

device process technology. Therefore, we adumbrate that the heteroepitaxy of high-quality 

and dislocation-free Ge and III-V materials on the conventional Si platform is worthy to study 

in future work. 

On the other hand, the intrinsic issues of the smaller density of states (DOS) and lower 

solid solubility of n-type dopant in III-V-based devices also can be relieved by studying the 

topic of the IV/III-V heteroepitaxy. This is because that the epitaxial structure of the III-V 

channel MOSFET having the IV-group S/D is capable of tackling the resistance problem and 

hence boosting the current drive capability. Such a nanoscale MOSFET integrates the 

advantages of III-V n-channel with higher electron mobility and thermal velocity, and the 
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advantages of IV-group S/D with higher DOS and n-type dopant concentration. Moreover, the 

IV-group S/D can facilitate the integration of silicide and germanide technologies to reduce 

the resistance effect further. For example, the lattice-matched Ge/GaAs epitaxial system is the 

excellent and promising candidate; in addition, the SiGe S/D provides the tensile strain within 

the GaAs channel, further assisting to enhance the driving current. It is believed that these 

research topics in the heteroepitaxy technique and device fabrication are worthy of more 

detailed investigation. 
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