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Co-Supervisor:  Deji Akinwande 

To meet the demands for continuous transistor scaling and performance 

improvements required by the ITRS, there has been a tremendous amount of effort 

related to alternative high mobility channel materials as potential Si replacements for 

MOSFET fabrication.  Two particularly attractive material systems include III-V 

substrates and graphene.   

Thus far, the high trap density which characterizes high-κ dielectrics and the III-

V/high-κ dielectric interface remains an obstacle to III-V substrate integration.  In a first 

aspect of this work, charge traps within the gate stack of III-V MOSFETs, as well as at 

the III-V/dielectric interface, were examined to better understand their impact on III-V 

device performance.  In particular, a pulsed I-V measurement technique was used to 

assess the impact of fast and slow transient charging effects on various III-V transistors 

with ALD-deposited Al2O3 gate dielectric.  The charge pumping technique was also 

utilized to determine the density of interface traps, including their energy distribution and 

position profile, providing further understanding into the nature of traps in the III-V/high-

κ system. 



 ix 

Graphene has also attracted considerable interest owing to its high intrinsic 

mobility, large current densities, thermodynamic and mechanical stability.  Yet, a 

primary challenge to the integration of graphene substrates is the lack of high quality, 

large-area graphene.  Thus, in another aspect of this work, large-area graphene was 

synthesized by CVD of acetylene on Co thin films, and the influence of Co film thickness 

on graphene synthesis was studied.  Resulting graphene films were characterized using 

Raman spectroscopy and back-gated GFETs were fabricated.   

Taking advantage of graphene’s intrinsic ambipolar electron-hole symmetry, 

GFET frequency doublers were fabricated on low-capacitance, single-crystal quartz 

substrates.  GFETs frequency doublers were found to operate beyond their transit 

frequency (fT), and in the limit of vanishing device non-idealities, their maximum 

conversion gain was determined to approach a near lossless value.  To further understand 

and improve GFET RF performance, the impact of parasitic resistances was 

experimentally examined.  RF measurements as a function of temperature and modulated 

access resistance highlight the strong influence of RC on scaled devices, while the impact 

of RA becomes more evident for devices with large access regions.   
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Chapter 1:  Introduction 

1.1 MOTIVATION 

For nearly five decades, the semiconductor industry has distinguished itself by its 

rapid pace of innovation.  During this time, geometric scaling of the metal-oxide-

semiconductor field-effect-transistor (MOSFET) has been the key enabler for increased 

device integration and performance.  This scaling trend, commonly known as “Moore’s 

Law” (Figure 1.1), has led to a doubling of integrated circuit (IC) transistor counts every 

two years.  Despite periodic predictions of the end of Moore’s Law, it has persisted as a 

reliable method of predicting future technology development [1].  While innovative 

solutions have been developed to deal with a variety of technological challenges (e.g., 

copper interconnects, high-κ gate oxides, metal gates, strained silicon, etc.), continued 

device scaling has also resulted in increased current leakage and power consumption, 

among others, which in turn has resulted in projected performance failures beyond the 

65nm technology node [1].  In addition to technological challenges, conventional scaling 

techniques are facing fundamental quantum mechanical limits, and novel materials and 

devices will be needed to overcome these barriers. 

Toward that end, a host of materials and devices are being researched, including 

high mobility channel devices such as III-V and Ge thin films on Si, semiconductor 

nanowires, as well as carbon nanoelectronics such as graphene and carbon nanotubes.    

Table 1.1 provides a summary and comparison of FET devices that are currently being 

researched [2].  The International Technology Roadmap for Semiconductors (ITRS) 
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projects that high mobility channels based on III-V and Ge will replace Si channels for 

nFETs and pFETs, respectively, around 2018, while carbon-based nanoelectronics may 

be needed in the long term (i.e., around 2019 through 2026) [3].   

 

 

Figure 1.1: Number of transistors per microprocessor chip versus time, illustrating 

Moore’s Law (from [4]).  The introduction of some key novel technologies is included.  

 

1.2 III-V AND GRAPHENE: OVERVIEW AND CHALLENGES 

The superior electron transport properties of III-V substrates, and in particular 

graphene, make them attractive as replacement channel materials to meet the 

performance demands beyond the limits of Si CMOS technology.  As a point of 

reference, Table 1.2 provides a comparison of the mobility values for various high 

mobility substrates including Ge, GaAs, InP, In0.53Ga0.47As, and intrinsic graphene, as 

compared to Si (from [5-8]).  The considerable performance gains that may be realized 
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through the use of such high mobility substrates has resulted in significant research and 

development work for both III-V and graphene-based devices.   

Progress has been made on enhancement-mode III-V MOSFETs, including 

MOSFETs on GaAs [9, 10], InP [11, 12], and InGaAs [13, 14] utilizing various high-κ 

dielectrics such as Al2O3 [10, 13], HfO2 [9, 11, 13], HfAlO [13], stacked HfAlOx/HfO2 

[12], and stacked HfO2/AlN [14], among others.  However, the high trap density which 

typically characterizes high-κ dielectrics and the III-V/high-κ dielectric interface remains 

a challenge for future III-V substrate integration, and has been the principal obstacle 

preventing III-V devices from exceeding their Si-based counterparts [15]. 

 

 

Table 1.1: Summary and comparison of FET devices that are currently being researched 

[For notes/references see Table 12a ERD 2011 in Ref. 2]. 
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Graphene [16, 17], an atomic thick layer of sp
2
-hybridized carbon atoms bonded 

to one another in a hexagonal crystal lattice, is also considered to be a very promising 

material for electronics, albeit in the longer term.  In addition to its high intrinsic mobility 

[8], graphene has attracted great interest for its other unique properties, including its large 

current densities [18], thermodynamic and mechanical stability [19], potential for large-

scale integration of ballistic carrier devices [20], and intrinsic ambipolar electron-hole 

symmetry.  From a device perspective, graphene is also a promising channel material for 

high frequency analog electronics [21-33].  However, as a zero-bandgap material, it is 

difficult to implement graphene in digital logic applications.  Furthermore, practical 

applications of graphene require high quality, large-area graphene, which is challenging 

to produce.  

 

 

Table 1.2: Mobility values for some high mobility materials including Ge, GaAs, InP, 

In0.53Ga0.47As, and intrinsic graphene, as compared to Si (from [5-8]). 
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1.3 CHAPTER ORGANIZATION 

This chapter provided an overview of the current semiconductor technology 

landscape, as well as a discussion of some of the leading materials and devices that are 

currently being researched.  Moreover, the prospects and challenges of pursuing high 

mobility III-V substrates and graphene as candidate material systems potentially capable 

of reaching beyond the limits of Si CMOS technology have been given.  The remainder 

of this dissertation is divided into two parts, and is aimed at addressing some of the most 

pressing challenges to the implementation of both III-V and graphene-based FETs.   

Chapter 2 presents the first part of this work, and includes a detailed study of 

transient charge trapping in various III-V/high-κ MOSFETs in an effort to elucidate their 

impact on III-V device performance.  Using a combination of pulsed I-V and charge 

pumping measurements, the distinct effect of fast interface traps and slow, near-interface 

traps is discussed. 

The second part of this work focuses on graphene synthesis and graphene-based 

devices.  Beginning in Chapter 3, the challenge of synthesizing high quality, large-area 

graphene for transfer to arbitrary substrates is addressed.  In particular, a method of 

synthesizing monolayer graphene by CVD of acetylene on Co thin films is discussed.  

Moreover, the influence of Co film thickness on graphene synthesis is reported.  A 

detailed analysis of the synthesized graphene, as well as characterization of subsequently 

fabricated back-gated GFETs, is also discussed.   

Chapter 4 discusses a promising alternative device application to conventional 

digital logic applications, in consideration of the fact that graphene is a zero-bandgap 
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material.  Specifically, by taking advantage of graphene’s intrinsic ambipolar electron-

hole symmetry, GFET frequency doublers have been demonstrated and the experimental 

results are discussed.  Theoretical performance of GFET frequency doublers is also 

addressed.   

To further understand and improve GFET RF performance, Chapter 5 discusses 

the impact of parasitic contact and access resistances.  The impact of each type of 

parasitic resistance is better understood by exploring the dependence of GFET RF 

performance on temperature as well as on doping of GFET access regions.   

Chapter 6 provides a summary of this work and discusses suggestions for future 

directions of this research. 

 

.   

 

 

 

 

 

 

 

 

 

 



 7 

 

  1.4 REFERENCES 

[1] J. Wu, Y.-L. Shen, K. Reinhardt, H. Szu, and B. Dong, “A nanotechnology 
enhancement to Moore's law,” Applied Computational Intelligence and Soft 
Computing, vol. 2013, Article ID 426962, 2013. 

[2] International Technology Roadmap for Semiconductors: Emerging Research 
Devices; Semiconductor Industry Association: 2011, 
(http://www.itrs.net/Links/2011itrs/2011Tables/ERD_2011Tables.xlsx). 

[3] International Technology Roadmap for Semiconductors: Executive Summary; 
Semiconductor Industry Association: 2011.  
http://www.itrs.net/Links/2011itrs/2011Chapters/2011ExecSum.pdf. 

[4] R. K. Cavin, P. Lugli, and V. V. Zhirnov, "Science and engineering beyond 
Moore's law," Proceedings of the IEEE, vol. 100, pp. 1720-1749, May 2012. 

[5] S. M. Sze, Physics of Semiconductor Devices, 2nd ed. Hoboken, NJ: Wiley, 
1981. 

[6] M. Fischetti, “Monte Carlo simulation of transport in technologically 
significant semiconductors of the diamond and zinc-blende structures—Part  
I: Homogeneous transport,” IEEE Trans. Electron Devices, 38, 634, 1991. 

[7] O. Madelung, Semiconductors: Data Handbook, 3rd ed. New York: Springer- 
Verlag, 2004.  

[8] K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fundenberg, J. Hone, P. Kim, and 
H. L. Stormer, “Ultrahigh electron mobility in suspended graphene,” Solid  
State Commun., vol. 146, pp. 351–355, 2008. 

[9] I. Ok, H. Kim, M. Zhang, T. Lee, F. Zhu, L. Yu, S. Koveshnikov, W. Tsai, V.  
Tokranov, M. Yakimov, S. Oktyabrsky, and J. C. Lee, “Self-Aligned n- and p-
channel GaAs MOSFETs on undoped and p-type substrates using HfO2 and 
silicon interface passivation layer”, IEDM Tech. Dig., pp., 2006. 

[10] D. Shahrjerdi, T. Akyol, M. Ramon, D. I. Garcia-Gutierrez, E. Tutuc, and S. K.  
Banerjee, “Self-aligned inversion-type enhancement-mode GaAs metal-oxide 
semiconductor field-effect transistor with Al2O3 gate dielectric”, Appl. Phys. 
Lett., vol. 92, 203505, 2008. 

[11] Y. Z. Wang, Y. T. Chen, H. Zhao, F. Xue, F. Zhou, and J. C. Lee, “Impact of SF6  
plasma treatment on performance of TaN-HfO2-InP metal-oxide-
semiconductor field-effect transistor”, Appl. Phys. Lett., vol. 98, 043506, 2011. 

[12] H. Zhao, D. Shahrjerdi, F. Zhu, H.-S. Kim, I. Ok, M. H. Zhang, J. H. Yum, S. K.  
Banerjee, and J. C. Lee, “Inversion-type indium phosphide metal-oxide-
semiconductor field-effect transistors with equivalent oxide thickness of 12 
angstrom using stacked HfAlO(x)/HfO(2) gate dielectric”, Appl. Phys. Lett., 
vol. 92, 253506, 2008. 



 8 

[13] Y. Xuan, Y. Q. Wu, T. Shen, T. Yang, and P. D. Ye, “High-performance sub-
micron inversion-type enhancement-mode InGaAs MOSFET with ALD Al2O3, 
HfO2, and HfAlO as gate dielectrics”, in IEDM Tech. Dig., pp. 637–640, 2007. 

[14] D. Shahrjerdi, T. Rotter, G. Balakrishnan, D. Huffaker, E. Tutuc, and S. K. 
Banerjee, “Fabrication of self-aligned enhancement-mode In0.53Ga0.47As 
MOSFETs with TaN/HfO2/AlN gate stack”, IEEE Electron Device Lett., vol. 29, 
pp. 557-560, 2008. 

[15] P. D. Ye, "InGaAs and graphene as high mobility channels for post Si-CMOS 
applications," IEEE EDSSC, pp. 1-5, 2008. 

[16]  A. K. Geim and K. S. Novoselov, "The Rise of Graphene," Nat. Mater, 6, pp. 183-
191, 2007. 

[17]  A. K. Geim, "Graphene: Status and Prospects," Science, 324, pp. 1530-1534, 
2009. 

[18]  A. Barreiro, M. Lazzeri, J. Moser, F. Mauri, and A. Bachtold, “Transport 
properties of graphene in the high-current limit,” Phys. Rev. Lett., vol. 103, pp. 
076601-1–076601-4, 2009. 

[19]  T. J. Booth, P. Blake, R. R. Nair, D. Jiang, E. W. Hill, U. Bangert, A. Bleloch, M. 
Gass, K. S. Novoselov, M. I. Katsnelson, et al., "Macroscopic Graphene 
Membranes and Their Extraordinary Stiffness," Nano Lett. 2008, 8, 2442-
2446.  

[20]  C. Berger, Z. Song, T. Li, X. Li, A. Y. Ogbazghi, R. Feng, Z. Dai, A. N. Marchenkov, 
E. H. Conrad, P. N. First, et al., "Ultrathin Epitaxial Graphite: 2D Electron Gas 
Properties and a Route Toward Graphene-Based Nanoelectronics," J. Phys. 
Chem. B 2004, 108, 19912-19916. 

[21]  H. Wang, A. Hsu, K. K. Kim, J. Kong, and T. Palacios, “Gigahertz ambipolar 
frequency multiplier based on CVD graphene,” in IEEE Int. Electron Devices 
Meet., Tech Dig., 2010, pp. 23.6.1-23.6.4. 

[22]  T. Palacios, A. Hsu, and H. Wang, “Applications of graphene devices in RF 
communications,” IEEE Commun. Mag., vol. 48, pp. 122-128, Jun. 2010. 

[23]  Z. Wang, Z. Zhang, H. Xu, L. Ding, S. Wang, and L.-M. Peng, “A high-
performance top-gate graphene field-effect transistor based frequency 
doubler,” Appl. Phys. Lett., vol. 96, pp. 173104-1–173104-3, 2010. 

[24]  L. Liao, J. Bai, R. Cheng, H. Zhou, L. Liu, Y. Liu, Y. Huang, and X. Duan, “Scalable 
fabrication of self-aligned graphene transistors and circuits on glass,” Nano 
Lett., Article ASAP, Jun. 2011. 

[25]  Ph. Avouris, Y.-M. Lin, F. Xia, D. B. Farmer, Y. Wu, T. Mueller, K. Jenkins, C. 
Dimitrakopoulos, and A. Grill, “Graphene-based fast electronics and 
optoelectronics,” in IEEE Int. Electron Devices Meet., Tech Dig., 2010, pp. 
23.1.1-23.1.4. 

[26]  Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y. Chiu, A. Grill, 
and Ph. Avouris, “100-GHz transistors from wafer-scale epitaxial graphene,” 
Science, vol. 327, p. 662, 2010. 



 9 

[27]  I. Meric, N. Baklitskaya, P. Kim, and K. L. Shepard, “RF performance of top-
gated, zero-bandgap graphene field-effect transistors,” in IEEE Int. Electron 
Devices Meet., Tech Dig., 2008, pp. 1-4. 

[28]  J. S. Moon, D. Curtis, M. Hu, D. Wong, C. McGuire, P. M. Campbell, G. Jernigan, J. 
L. Tedesco, B. VanMil, R. Myers-Ward, C. Eddy, Jr., and D. K. Gaskill, “Epitaxial-
graphene RF field-effect transistors on Si-face 6H-SiC substrates,” IEEE 
Electron Device Lett., vol. 30, no. 6, pp. 650–652, Jun. 2009. 

[29]  L. Liao, Y.-C. Lin, M. Bao, R. Cheng, J. Bai, Y. Liu, Y. Qu, K. L. Wang, Y. Huang, 
and X. Duan, “High-speed graphene transistors with a self-aligned nanowire 
gate,” Nature, vol. 467, pp. 305–308, 2010. 

[30]  F. Schwierz, “Graphene transistors,” Nat. Nanotechnol., vol. 5, pp. 487–496, 
Jul. 2010. 

[31]  M. Dragoman, D. Neculoiu, G. Deligeorgis, G. Konstantinidis, D. Dragoman, A. 
Cismaru, A. A. Muller, and R. Plana, “Millimeter-wave generation via 
frequency multiplication in graphene,” Appl. Phys. Lett., vol. 97, pp. 093101-
1–093101-3, 2010. 

[32]  X. Yang, G. Liu, A. A. Balandin, and K. Mohanram, “Triple-mode single-
transistor graphene amplifier and its applications,” ACS Nano, vol. 4, no. 10, 
pp. 5532–5538, 2010. 

[33]  X. Yang, G. Liu, M. Rostami, A. A. Balandin, and K. Mohanram, “Graphene 
ambipolar multiplier phase detector,” IEEE Electron Device Lett., vol. 32, no. 
10, pp. 1328–1330, 2011. 

 
 

 

 

 

 

 

 

 



 10 

Chapter 2:  Transient Charging in III-V Field-Effect Transistors 

2.1 OVERVIEW 

To better understand III-V device performance, it is important to characterize the 

impact of charge traps within the gate stack of III-V MOSFETs as well as at the III-

V/dielectric interface.  A pulsed I-V measurement technique [1-5], as discussed in Section 

2.6, is used to assess the impact of fast transient charging effects (FTCE), described in 

Section 2.5, wherein substrate-injected electrons become trapped in pre-existing defects 

within the high-κ dielectric [2].  In this work, FTCE effects were probed on GaAs, InP 

and In0.53Ga0.47As MOS transistors with Al2O3 gate dielectric deposited by atomic layer 

deposition (ALD).  Moreover, the pulsed I-V technique was used to provide insight into 

the impact of slow, near-interface oxide traps by employing variable, long pulse widths.  

In0.53Ga0.47As FETs were found to show higher drive current as compared to GaAs and 

InP FETs, as has been reported elsewhere [6,7], In0.53Ga0.47As FETs are found to be least 

impacted by FTCE.  To better understand the nature of trapping in the III-V/high-κ 

system, the charge pumping (CP) technique [8], described in Section 2.7, was also used 

to directly measure the trap recombination current and accurately determine the 

interfacial trap density (Dit) in the In0.53Ga0.47As MOSFETs.  The charge pumping 

technique has been reported to be used for extraction of Dit in III-V/high-κ systems [9,10] 

and is further used in this research to shed light on the FTCE data.  For example, by 

utilizing a frequency-dependent charge pumping technique [11,12], the trap density 

within the Al2O3 dielectric was profiled, providing further understanding into the 
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contribution of slow traps away from the III-V/high-κ interface.  In addition, the present 

charge pumping analysis was used to extract the energy distribution of Dit within the 

In0.53Ga0.47As bandgap. 

2.2 DEVICE FABRICATION 

GaAs-based transistors were fabricated on (100) undoped semi-insulating 

substrates, which were initially cleaned in a 1% HF solution to remove surface oxides, 

followed by a 20% (NH4)2S dip surface passivation treatment, which has been previously 

demonstrated to effectively improve the GaAs substrate/high-κ gate dielectric interface 

[13,14].  After the surface treatment, the GaAs wafers were immediately transferred into 

an ALD reactor, where Al2O3 was grown using trimethyl aluminum (TMA) as the 

metallic precursor and H2O as the oxidant.  Selective removal of GaAs native oxides 

using TMA precursor, also known as “self-cleaning”, has been reported previously [15] 

and helps eliminate the need for an elaborate in situ clean.  Physical vapor deposited 

(PVD) TaN was used as the gate electrode and the source/drain ohmic contacts were 

formed by e-beam evaporation and lift-off of AuGe/Ni/Au.  The complete GaAs 

MOSFET process flow has been described in our prior work [13].  Semi-insulating (100) 

InP substrates were used for InP MOSFET fabrication, and molecular beam epitaxy 

(MBE)-grown p-type In0.53Ga0.47As on highly-doped p-type InP substrates were used for 

In0.53Ga0.47As MOSFET fabrication using a similar process flow as described above.  All 

devices were fabricated using a ring-FET geometry with an annular gate, useful for 

simplifying the device isolation process [7]. 
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2.3 IMPACT OF INTERFACIAL OXIDE CHEMISTRY 

While the prospect of high performance MOS devices based on III-V materials 

has long been sought, the lack of a stable native oxide has limited III-V based devices to 

niche applications within the IC industry.  Moreover, the literature is replete with 

research aimed at finding a reliable, high-quality III-V oxide or passivation layer.  Some 

of the challenges associated with III-V substrates can be understood with reference to 

Table 2.1, which shows a comparison of the Al2O3/GaAs interface as a function of 

various surface treatments prior to ALD high-κ deposition [16].  The presence of arsenic 

oxides for bare and non-treated GaAs is known to cause Fermi level pinning which in 

turn hinders the fabrication of enhancement-mode GaAs FETs.  Selection of an 

appropriate ALD precursor, such as TMA which was used for the fabrication of devices 

used in this research, is known to have a self-cleaning effect as described in Section 2.2.  

Moreover, the reduction of interfacial arsenic oxides by this effect is known to unpin the     

 

Table 2.1: Comparison of the Al2O3/GaAs interface as a function of various surface 

treatments prior to ALD high-κ deposition (from [16]).  
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Fermi level [16].  Additionally, as shown in Table 2.1, careful surface preparation prior to 

ALD oxide deposition can also minimize the undesirable interfacial layer (IL) thickness.  

InGaAs is reported to be more forgiving regarding Fermi level pinning because of its 

lower surface recombination velocity as compared to GaAs and it is thus easier to 

fabricate enhancement-mode FETs on InGaAs.  Nevertheless, the issue of forming stable, 

high-quality insulators is a challenge faced across the spectrum of III-V materials [17].  

Not surprisingly, this issue also contributes to transient charge trapping in III-V/high-κ 

MOSFETs, as discussed in more detail below. 

2.4 IMPACT OF HIGH-K DIELECTRIC 

The high density of as-grown structural defects within high-κ gate dielectrics, 

some of which represent trapping centers, has been widely reported.  In particular, the 

transient charging of fast interface traps present at the III-V/high-κ dielectric interface, as 

well as the charging of slow, near-interface oxide traps are known to cause mobility 

degradation, threshold voltage (Vt) instability and reduced transistor reliability [1,2].  

Two high-κ trap models, as shown in Figure 2.1, have been proposed in the literature 

[18].  The model of Figure 2.1(a) depicts a defect band in the high-κ layer at the high-

κ/SiO2 interface, while the model of Figure 2.1(b) suggests that traps are distributed 

throughout the high-κ layer.  Various literature reports agree with the model of Figure 

2.1(b), due to the fact that electron trapping from substrate injection increases with 

physical thickness of the high-κ layer [18, 19].          
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Figure 2.1: Two proposed high-κ trapping models. (a) Defect band is located within the 

high-κ layer at the high-κ/SiO2 interface; (b) Traps are distributed throughout the high-κ 

bulk (from [18]).  

 

Considering now that Vt is defined as:  

         

√       

   
 (2.1) 
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where Vfb is the flatband voltage, Qf is fixed charge located near the III-V/high-κ 

interface, Qm is represents mobile charge that can be located throughout the high-κ 

dielectric, Qot is dielectric trapped charge located also located throughout the high-κ 

dielectric, and Qit is interface trapped located at the III-V/high-κ interface.  From Eq. 2.1‒

2.2, it is clear that Vt is affected by changes in the flatband voltage caused as a result of 

fast trapping occurring at the III-V/high-κ dielectric interface, as well as slow, near-
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interface oxide trapping.  To be sure, the extent to which such traps are electrically active 

is a function of trap density, trap position, trapping time constant, and capture cross 

section [2, 8], and is discussed in more detail in Sections 2.5‒2.7. 

2.5 FAST TRANSIENT CHARGING EFFECT 

Considering the impact of charge traps in III-V/high-κ FETs, it is important to 

look more closely into the trapping mechanisms occurring in such devices.  To that end, a 

fast transient charging effect (FTCE) model (Figure 2.2) has been introduced.  As shown 

in Figure 2.2, the FTCE model describes a trapping mechanism whereby, in response to 

an applied gate pulse, substrate injected electrons tunnel through the interfacial layer and 

into pre-existing defects within the high-κ gate dielectric [2, 3].  From Eq. 2.1‒2.2, it can 

be understood that such trapped charge will increase Vt and in turn decrease transistor 

drive current.  The inset of Figure 2.2 defines important FTCE time constants, including 

charging time (tp), trapping time constant (τc), pulse rise time (tr), and pulse width (PW).  

For III-V/high-κ FETs, degradation due to FTCE is expected when device operation is 

slower than the trapping time constant (τc) [2,3].  In sum, the FTCE model suggests that 

conventional DC characterization methods previously developed for SiO2 are not equally 

effective for high-κ devices [3].  
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Figure 2.2: Illustration of fast transient charging effect (FTCE). Substrate injected 

electrons tunnel through interfacial layer and into pre-existing defects within the high-κ 

dielectric. (inset) Trapping will occur if the charging time (tp) is greater than or equal to 

the trapping time (τc), where tp is the sum of pulse rise time (tr), and pulse width (PW) 

(from [2]).  

 

 

2.6 PULSED I-V MEASUREMENT 

To avoid detrimental fast transient charging effects and accurately measure the 

intrinsic behavior of high-κ MOS devices, measurements must be performed faster than 

the trapping time, as defined by trapping time constant (τc).  Such a measurement was 

introduced in the form of the pulsed I-V measurement technique [5], which allows for 
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drive current measurements down to the µs range.  Figure 2.3(a) depicts a schematic 

illustration of the pulsed I-V measurement setup used to study FTCE in the high-κ III-V 

MOS transistors used in this work.  As shown, an nFET is connected in an inverter 

circuit.  A single pulse applied by a pulse generator unit (PGU) is simultaneously applied 

to the gate (Vg) of the nFET and recorded at the oscilloscope (OSC).  The drain voltage 

(Vd) is likewise recorded at the OSC, and given a fixed supply voltage (VDD), the voltage 

drop across the load resistor (RL) can be used to calculate the drain current (Id).   

To illustrate the impact of FTCE, Figure 2.3(b) shows a pulsed I-V measurement 

[rise time (tr) = fall time (tf) = 10µs, pulse width (PW) = 100µs] on a GaAs transistor, 

fabricated as described in Section 2.2, where the difference in the forward and reverse Id-

Vg sweeps is a result of transient charge trapping, and is a direct cause of Vt instability 

[2,4].  Comparing the forward pulsed Id-Vg sweep to the DC sweep illustrates the 

underestimation of the drive current due to trapping occurring during the DC 

measurement, which is not fast enough to avoid transient charge trapping.  While 

transient charging may still occur for pulses in the µs-range [2], the pulsed Id-Vg sweep is 
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Figure 2.3: (a) Schematic illustration of the pulsed I-V measurement setup used to study 

FTCE in our high-κ III-V MOS transistors. (b) Pulsed I-V measurement [rise time (tr) = 

fall time (tf) = 10µs, pulse width (PW) = 100µs] on a GaAs transistor, illustrating the 

impact of FTCE. (c) Drive current degradation as a function of time corresponding to the 

pulsed Id-Vg sweep shown in (b).  

 

closer to being “trap-free”.  Figure 2.3(c) illustrates the drive current degradation as a 

function of time corresponding to the pulsed Id-Vg sweep of Figure 2.3(b). The reduction 

in drive current is caused by the increasing Vt due to charge trapping within the high-κ 

during the pulse charging time (tp), where the charging time is defined as the sum of the 

rise time (tr) and the pulse width (PW) [2,4].  While the FTCE phenomenon is described 

here with regard to III-V MOS transistors, it should be noted that similar effects are 

equally expected to be seen on any other high-κ based FETs and have been specifically 

reported for Si-based transistors with high-κ gate dielectrics [1]. 

When studying pulsed current data, it is preferable to use Id-time sweeps (Figure 

2.3(c)) as opposed to Id-Vg sweeps (Figure 2.3(b)) because of artifacts that can be present 

in Id-Vg data [2, 4, 20], such as varying values of Vt shift which may be observed at 
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different values of drain current, resulting from forward/reverse Id-Vg traces that are not 

parallel to one another.  Therefore, to more accurately compare the impact of FTCE 

across the various III-V/Al2O3 devices studied in this work, Id-time sweeps for (a) GaAs, 

(b) InP and (c) In0.53Ga0.47As MOSFETs (W/L = 600µm/5µm) as a function of pulse 

width (PW) were plotted, as shown in Figure 2.4.  For each substrate type, four different 

pulse widths were used (5ms, 10ms, 50ms, 100ms), while holding the rise time and fall 

time constant (0.1µs). A superior drive current for In0.53Ga0.47As-based devices is 

observed, and has been reported elsewhere [6, 7].  The initial rapid decrease in drain 

current with time is due to fast traps, while the continued decay with time is due to the 

ability of slower near-interface oxide traps to respond for increased charging times [21].  

For a maximum charging time of ~100ms, In0.53Ga0.47As, GaAs, and InP MOSFETs each 

experience a drain current degradation of ~18%, ~25%, and ~42%, respectively, 

indicative of the increased Vt instability of GaAs and InP devices as compared to their 

In0.53Ga0.47As counterparts.  In light of the higher drive current of In0.53Ga0.47As, its more 

forgiving nature with regards to Fermi-level pinning [6], and the results of the this work 

showing less susceptibility to FTCE, it is worthwhile to probe further into the nature of 

traps in the In0.53Ga0.47As/Al2O3 system. 
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Figure 2.4: Id-time sweeps for (a) GaAs, (b) InP and (c) In0.53Ga0.47As MOSFETs (W/L = 

600µm/5µm) as a function of pulse width (PW).  For each substrate type, four different 

pulse widths were used (5ms, 10ms, 50ms, 100ms), while holding the rise time and fall 

time constant (0.1µs).  

 

 

  2.7 CHARGE PUMPING MEASUREMENT 

To more closely examine the traps in the In0.53Ga0.47As/Al2O3 system, the 2-level 

charge pumping (CP) technique [8-12,22-24] was used to accurately determine Dit in 
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accordance with the measurement setup shown in Figure 2.5(a).  As shown, the charge 

pumping measurements were performed while keeping the source, drain, and substrate 

grounded and ramping the base level (Vbase) of a constant amplitude (Va) gate pulse.  The 

CP technique is further understood with reference to Figure 2.5(b), which illustrates the 

ideal charge pumping current (Icp) as a function of Vbase for a train of fixed amplitude gate 

pulses.  In addition to the fixed amplitude, the pulses applied to the gate also had fixed 

rise and fall times, PW, frequency, and duty cycle.  Qualitatively, the measured charge 

pumping current is a measure of substrate recombination current, and thus this type of 

measurement cannot be performed on devices fabricated on insulating substrates.  Hence, 

GaAs and InP-based devices used in this research, which were fabricated on semi-

insulating substrates, did not allow for probing of the trap recombination current.  At 

peak Icp, as shown in Figure 2.5(b), the gate pulse alternately pulses the FET between 

inversion and accumulation.  When the device goes into inversion, source/drain electrons 

quickly fill interface traps, and when the device is driven back into accumulation, the 

trapped electrons recombine with the majority substrate carriers (holes) to generate the 

charge pumping current.  As discussed in more detail below, a variable frequency CP 

technique and variable pulse rise/fall times were also used to profile the trap density 

within the Al2O3 dielectric, as well as the energy distribution of Dit.  
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Figure 2.5: (a) Experimental setup for 2-level charge pumping (CP) technique. (b) Charge 

pumping current (Icp) as a function of Vbase for a train of fixed amplitude gate pulses 

(adapted from [19]).  

 

CP measurements of In0.53Ga0.47As MOSFETs studied here were performed with 

Va fixed at 2V, while ramping Vbase from -2V to 0V.  In order to avoid the impact of bulk 

traps [9], a high pulse frequency (1 MHz) charge pumping current (Icp) versus Vbase, with 

fixed rise and fall times (100ns) was used to compute the mean Dit according to [8,24]:    
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where f is the measurement frequency, q is the electron charge, itD is the mean interfacial 

trap density, A is the device area (W*L = 600µm*5µm), kT is the product of the 
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Boltzmann constant and temperature (0.0259 eV), tr and tf are the pulse rise and fall times 

(100ns), Vfb and Vt are the flatband and threshold voltages and | Vfb – Vt | ~1.5V as 

estimated from Figure 2.6, υth is the thermal velocity (1x10
7
 cm/s), ni is the intrinsic 

carrier concentration (1x10
12

 cm
-3

), and σn and σp are the electron and hole capture cross 

sections, respectively.  By performing a linear fit of the ICP/f vs. ln(trtf)
1/2

 curve while 

keeping tr fixed (not shown) [24] the electron capture cross section (σn) is extracted to be 

~1.52x10
-13

 cm
2
.  Similarly, from a linear fit of the ICP/f vs. ln(trtf)

1/2
 curve while keeping 

tf fixed (not shown), the hole capture cross section (σp) is found to be ~6.34x10
-15

 cm
2
.  

The mean capture cross section can then be extracted as  ~3.11x10
-14

 cm
2
.  For a peak 

measured Icp value of 11.63µA, the mean Dit is thus found to be 1.24x10
13

 cm
-2

eV
-1

, 

which is comparable to previously reported values [10,11].  Moreover, the interface traps 

in InGaAs devices are predominantly donor traps which reside in the upper half of the 

bandgap, as will be discussed below, and thus they do not affect the on-state performance 

of InGaAs transistors [10]. 

 Figure 2.6(a) shows a strong influence of varying fall time on Icp while keeping 

the rise time fixed at 100ns (~53% Icp degradation), and Figure 2.6(b) shows a weak 

influence of varying rise times on Icp while keeping the fall time fixed at 100ns (~11% Icp 

degradation).  These results, together with the much larger electron capture cross section, 

indicate that the majority of interface traps in InGaAs are in fact donor traps, residing in 

the upper half of the bandgap [22,24].  The larger electron capture cross section also 

underscores that donor traps above midgap are more effective trapping centers than 

acceptor traps in the lower half of the bandgap, as expected since the trapping time 
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constant is inversely proportional to the capture cross section [8].  It should be noted that 

while the on-state drive current and threshold voltage are unaffected for the case of  

 

Figure 2.6: (a) Strong dependence of Icp with varying fall time while rise time is fixed at 

100ns (~53% Icp degradation). (b) Weak dependence of Icp with varying rise time while 

keeping fall time fixed at 100ns (~11% Icp degradation). f = 1 MHz for all measurements.  

 

donor traps, they do have a detrimental impact on off-state performance, including 

subthreshold slope (SS), ON/OFF current ratio, and drain-induced barrier lowering 

(DIBL) [10,11]. The In0.53Ga0.47As devices used for the present charge pumping study 

exhibited and ON/OFF current ratio of ~10
4
 and a SS of ~150 mV/dec, as extracted from 
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the device transfer curve (not shown).  Previously presented In0.53Ga0.47As devices having 

comparable ON/OFF current ratio and SS also exhibited similar values of Dit [7].  

To probe the slow, near-interface oxide traps in the In0.53Ga0.47As/Al2O3 

MOSFETs, a frequency dependent charge pumping technique [11,12] was used.  Figure 

2.7(a) shows the charge pumped per cycle (Qcp = Icp/f) versus frequency.  As shown, the 

charge pumped per cycle increases with decreasing frequency, as there is more time for 

electrons to tunnel into traps deeper into the Al2O3 bulk.  Without near-interface oxide 

traps, Qcp remains constant [8].  Such behavior is consistent with other reports [11] and 

with what is known regarding the high trap density of high-κ dielectrics in general [2].  

The profile of the bulk trap density (Not) away from the In0.53Ga0.47As/Al2O3 interface and 

into the Al2O3 is shown in Figure 2.7(b), and was extracted using the data of Figure 

2.7(a) and the following equations [23]: 
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where xmin is the oxide depth which corresponds to the carrier type which limits 

recombination, λe and λh are the electron and hole tunnel attenuation coefficients, ∆E is 
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the bandgap energy scanned, cn and cp are the capture rates for electrons and holes, and ns 

and ps are the electron and hole surface carrier concentrations when the device is 

alternately driven into either inversion or accumulation by the gate pulse. 

 

 

Figure 2.7: (a) Charge pumped per cycle (Qcp = Icp/f) versus frequency. (b) Profile of bulk 

trap density (Not) in Al2O3, extracted using the data shown in (a).  

 

For the present calculations, values of λe = λh = 0.95Å for the InGaAs/Al2O3 system [11], 

∆E = 0.48eV which is a weighted average of the energy window scanned by the 

frequency-dependent CP measurement [11], σn = 1.52x10
-13

 cm
2
, and σp = 6.34x10

-15
 cm

2
 

were used.  Using basic semiconductor equations [25], the known In0.53Ga0.47As p-type 
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doping concentration (NA = 8.5x10
16

 cm
-3

), an In0.53Ga0.47As intrinsic carrier 

concentration of ni = 1x10
12 

cm
-3

 [26], and assuming that the device is driven into strong 

inversion when the gate pulse is high and into accumulation when the gate pulse is low, 

we estimate that ns = 8.53x10
16

 cm
-3

 and ps ~ NA = 8.5x10
16

 cm
-3

.  The pulse rise/fall 

times were fixed at 100ns, and the pulse amplitude (Va) was set to 2V.  The bulk trap 

density is found to be ~3x10
20

 cm
-3

eV
-1

 near the interface and increases away from the 

In0.53Ga0.47As/Al2O3 interface, exhibiting a peak concentration of ~1.05x10
21

 cm
-3

eV
-1

 

approximately 10Å into the oxide.  While these values are high, they are within the 

expected range for deposited high-κ gate dielectrics [11].  Furthermore, the increased trap 

density observed within the Al2O3 dielectric supports the idea that the drain current 

degradation with increasing pulse width time, as shown in the FTCE data of Figure 2.4, is 

predominantly due to slower traps within the oxide responding to increased charging 

times. 

The energy distribution of Dit within the In0.53Ga0.47As bandgap (Figure 2.8) was 

also found by using the data of Figure 2.6, in accordance with the following relations 

[8,24]: 
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where Eem,e and Eem,h are the energies of the onset of electron and hole emission, 

respectively.  The mean Dit (1.24x1013 cm
-2

eV
-1

) is overlaid for reference.  As shown, 

the distribution of Dit values in the upper half of the bandgap is approximately an order of 

magnitude higher than in the lower half of the bandgap, and the density of interface traps 

peaks at ~4x10
13

 cm
-2

eV
-1

 just above midgap.  The Dit values reported here are 

comparable to values reported elsewhere for InGaAs-based devices [7,9-11] and 

underscore the previous interpretation of the data shown in Figure 2.6 that the majority of 

interface traps in the present In0.53Ga0.47As MOSFETs are in the upper half of the 

bandgap. 
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Figure 2.8: Energy distribution of Dit within the In0.53Ga0.47As bandgap, extracted using 

the data shown in Figure 2.6.  

 

  2.8 SUMMARY 

In conclusion, the pulsed Id-Vg technique was used to assess the impact of FTCE 

in various III-V/Al2O3 MOSFETs, including GaAs, InP, and In0.53Ga0.47As.  

In0.53Ga0.47As-based devices exhibited the highest drive current and showed the least 

susceptibility to FTCE.  The charge pumping technique was also used to measure the 

mean Dit, profile the trap density within the Al2O3 dielectric, and extract the energy 

distribution of Dit within the In0.53Ga0.47As band gap.  Charge pumping results indicated 

that the majority of interface traps in In0.53Ga0.47As are donor-type traps which reside in 
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the upper half of the bandgap.  Further, the increased trap density observed within the 

Al2O3 dielectric supports the fact that the drain current degradation with increasing pulse 

width time, as observed for the pulsed Id-Vg measurements, is predominantly due to 

slower traps within the oxide which are able to respond at increased charging times and 

underscores the significant contribution of slow traps for III-V/high-κ MOSFETs. 
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Chapter 3:  GFETs Using Large-Area Monolayer Graphene Grown by 

CVD of Acetylene on Co Thin Films 

3.1 OVERVIEW 

As discussed in Chapter 1, graphene is another very attractive high mobility 

channel material that is being researched as a potential Si replacement, and beginning 

with this chapter, graphene materials and devices are the focus of the remainder of this 

dissertation.  To begin, the aim of this chapter is to address one of the primary obstacles 

facing the realization of commercial graphene FETs ‒ synthesizing high quality, large-

area CMOS-compatible graphene capable of being transferred to an arbitrary substrate.  

In this work, a thorough study on controlled graphene growth on cobalt (Co) thin films, 

using acetylene (C2H2) as a precursor, is discussed.  C2H2 was chosen due to its low 

decomposition temperature.  Section 3.2 discusses motivation large-area graphene 

synthesis by way of CVD-based methods, and Section 3.3 provides motivation for the 

choice of Co for graphene synthesis.  A discussion of Co surface preparation by hydrogen 

annealing and mechanisms involved in the CVD synthesis process are given in Sections 

3.4 and 3.5, respectively.  The influence of Co film thickness on graphene synthesis is 

highlighted in Section 3.6.  A detailed analysis of the synthesized graphene, including 

optical microscopy and Raman spectroscopy, is provided in Section 3.7.  Back-gated 

graphene FETs were fabricated using Co-grown graphene, and Section 3.8 discusses the 

transport properties of such devices.  This work shows the potential for growing high-

quality, large-area graphene films using Co.  
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3.2 CVD-BASED GRAPHENE SYNTHESIS 

Until now, mechanical exfoliation of graphite has been a primary source of 

graphene used for device applications. However, graphene obtained by this method is 

small (e.g., tens of micrometers) and non-scalable [1]. Practical and commercially viable 

applications of graphene require high quality, large-area graphene. 

Large-area graphene films have been demonstrated by epitaxial growth on SiC 

substrates [2] as well as by CVD-based methods.  The mechanism for CVD-based 

graphene synthesis on transition metals such as Ni and Co, which involves the catalyzed 

decomposition of hydrocarbons on a metal surface [3,4], is explained in more detail in 

Section 3.5.  As opposed to CVD growth on Cu, which proceeds according to a 

combination of surface nucleation and two-dimensional growth [5], synthesis on 

transition metals has been found to proceed according to a surface segregation process of 

C from the metal, as in the case of Ni [6].  To be sure, a host of transition metals apart 

from Ni and Co, such as Ru [7], Ir [8], Cu [3,4], Ni [6,9,10], etc., have been reported in 

the literature as having been used as metal substrates for CVD-based graphene growth.      

3.3 MOTIVATION FOR USING COBALT 

While having similar properties as Ni, including comparable C solubility, very 

limited efforts have been made so far to grow graphene on Co substrates [11-15].  In the 

previous reports, attempts to grow graphene on Co/SiO2/Si were not promising since the 

graphene consisted of very small domains and a large fraction of the grown film was 
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covered with multilayer graphene. In addition, there was previously insufficient electrical 

data for Co-grown graphene devices.   

Moreover, cobalt is an attractive substrate for graphene growth due to its many 

distinct features, including (i) moderate C solubility (~1 atom % at 1000 °C) which might 

enable graphene layer thickness control by choosing the Co thickness, (ii) minimal lattice 

mismatch (< 2%) between graphene and the Co (0001) surface, albeit only for the hcp 

phase at temperatures below 400 °C (iii) easy etching and low-cost graphene transfer 

process, (iv) being a ferromagnetic metal, useful for spintronic device applications, and 

(v) greater compatibility with Si than Cu, which is a deep trap in Si and fast diffuser, thus 

enabling a Si-friendly, complementary metal-oxide-semiconductor (CMOS)-compatible 

approach to graphene synthesis. In addition, the electronic coupling between the 

graphene π-states and Co d-states at the interface has been found to be quite strong 

compared to other transition metals [16]. 

3.4 HYDROGEN ANNEALING OF CO THIN FILMS 

In this work, graphene was grown on Co thin films deposited by electron-beam 

evaporation on SiO2/Si substrates. In general, during metal-catalyzed growth of graphene, 

grain boundaries in the metal film lead to uncontrolled growth of graphene [10].  Thus, in 

order to increase the metal grain size, and thereby reduce the number of grain boundaries, 

the as-deposited Co films were annealed in H2 prior to graphene growth.  Moreover, as 

the segregation of C atoms out of the metal film is believed to proceed along grain 

boundaries, the graphene film domain size may also be dependent on the metal grain size.  

Figures 3.1 and 3.2 show SEM micrographs of as-deposited and annealed Co films, 
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respectively. The grain size of the as-deposited Co film was observed to be increased by 

annealing under an optimized flow rate of H and annealing time, which for the present 

work was ~650‒700°C for ~10 min.  It was also observed that an increased flow rate of H 

with a longer annealing time could lead to the formation of pits that impact the quality of 

the graphene film.      

 

 

Figure 3.1: SEM image of Co film on SiO2/Si substrate before annealing.  
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Figure 3.2: SEM image of Co film after annealing, showing increased Co grain size.  

 

3.5 CVD PROCESS AND GROWTH MECHANISM 

The CVD growth process was carried out in a cold-wall, rapid thermal chemical 

vapor deposition (RTCVD) system, using C2H2 as the carbon source.  The main process 

chamber of the RTCVD system, as shown in Figure 3.3, is connected to a turbo pump, 

which maintains a base pressure of ~1.5x10
-8

 Torr.  The main chamber is also connected 

to a root pump which pumps out exhaust gases during the growth cycle.   
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Figure 3.3: Main process chamber of rapid thermal chemical vapor deposition (RTCVD) 

system.  

 

Preparation of the CVD growth substrates included cleaning Si (100) substrates in 

a piranha solution, followed by HF dip and deionized (DI) water rinse.  A high-quality 

~285nm thick SiO2 layer was grown on the Si substrates by thermal dry oxidation and Co 

films 100‒300nm thick were then deposited by e-beam evaporation.  At the start of the 

RTCVD process, the deposited Co thin films were annealed, in H2 at ~650-700 °C for 

approximately 10 minutes to increase grain size.  The anneal was carried out in the main 

process chamber (Figure 3.3) immediately prior to the introduction of the hydrocarbon 

precursor and subsequent CVD graphene growth.  After annealing, the temperature of the 

RTCVD furnace was increased to the graphene growth temperature of ~800 °C, and C2H2 

was inserted into the growth chamber.  The sample was held at the growth temperature 
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for 1-2 minutes.  After completion of the C2H2/H2 flow process step, the sample was 

rapidly cooled in a H2 atmosphere to room temperature.  Exemplary gas flow rate and 

process temperature profiles are provided in Appendix A.  The process flow of the CVD 

growth of graphene on Co/SiO2/Si, together with the possible mechanism involved, is 

shown in more detail in Figure 3.4.  First, as shown in Figure 3.4(a), C2H2 molecules 

were adsorbed at the Co surface and catalytically decomposed into H and C atoms 

(Figure 3.4(b)), according to the reaction: 

 

  C2H2  →   2C + H2        (3.1) 

 

As shown in Figure 3.4(c), hydrogen was then desorbed from the surface leaving 

C atoms to dissolve into the metal film.  The solubility of C in the Co film is moderately 

high (~1%) at the growth temperature (~800 °C), and reduces upon cooling, leading to 

the segregation of C atoms out from the Co film to the surface forming a continuous film 

of graphene (Figure 3.4(d)).  After growth, the graphene/Co surface was spin-coated with 

a poly(methyl methacrylate) (PMMA) support layer, and the Co was etched away in a 

solution of ferric chloride (FeCl3). The graphene was then transferred to another SiO2/Si 

substrate, after which the PMMA support layer was dissolved in acetone.  The transferred 

graphene films were then characterized by optical microscopy [17] and Raman 

spectroscopy [18], as discussed in Section 3.6 below.  To be sure, graphene films 

synthesized by the CVD method can be transferred to any arbitrary substrate.  As one 

example, the graphene devices discussed in Chapter 4 were fabricated on CVD-grown 
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graphene transferred onto crystalline quartz substrates in order to fabricate high-

performance RF graphene FETs.   

 

 

Figure 3.4: Process flow and mechanism for CVD growth of graphene on Co/SiO2/Si. (a) 

C2H2 molecules are adsorbed at the Co surface, and (b) are catalytically decomposed into 

H and C atoms. Hydrogen is desorbed from the surface, and (c) the C atoms are left to 

dissolve into the Co film. (d) The solubility of C in Co reduces upon cooling, leading to 

the segregation of C atoms out from the Co film to the surface forming a continuous 

graphene film.  

 

3.6 INFLUENCE OF CO FILM THICKNESS 

The influence of the thickness of the Co thin film on the quality of graphene was 

investigated by comparing optical micrographs of graphene grown on 100 nm, 200 nm 

and 300 nm Co thin films, as shown in Figures 3.5, 3.6 and 3.7, respectively. The lightest 

pink region, as indicated in Figure 3.5, corresponds to monolayer graphene, covering 

~80% of the area shown. The second lightest pink and the darker regions in Figure 3.5 

exhibit bilayer and multilayer graphene/few-layer graphene (FLG), respectively.  
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Figure 3.5: Optical micrograph of graphene grown on 100 nm Co film, showing large 

monolayer area along with small domains of bi- and multilayer area.  
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Figure 3.6: Optical micrograph of graphene grown on 200 nm Co film, showing 

increased multilayer graphene growth due to increased amounts of C segregating out of 

the 200 nm Co film.  
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Figure 3.7: Optical micrograph of graphene grown on 300 nm Co film, showing large 

amounts of multilayer graphene growth due to excessive C segregating out of the 300 nm 

Co film.  
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Figure 3.8: Percentage surface area coverage by monolayer graphene as a function of Co 

film thickness.  

 

 

Two distinct features are inferred from the color contrast of the optical images: (i) 

the surface area coverage of monolayer graphene decreases with the increase in Co film 

thickness, as shown in Figure 3.8, and (ii) the formation of multilayer graphene regions 

with smaller domain size increases with the thickness of Co film. This is expected since 

the amount of C dissolution in the metal and subsequent segregation to the surface 

depends on the thickness of the metal layer. Thinner films are saturated with a fewer 

number of C atoms; consequently, the reduction of the temperature during the cooling 

process leads to the formation of monolayer graphene, suppressing multilayer growth. 
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Increase of the Co film thickness allows more C atoms to be dissolved, and during 

cooling, the excess C atoms segregate to form multilayer graphene, as shown in Figures 

3.6 and 3.7. These results are similar to graphene growth on Ni films and indicate that 

graphene growth on Co takes place through a surface segregation process [19].  

Based on these results, a thinner (< 100 nm) Co film could be expected to 

promote better monolayer graphene growth as the number of C atoms dissolved into the 

Co film at the growth temperature (800 ºC) and subsequent segregation of C atoms upon 

cooling would be less. However, we have observed that thinner Co films (~60 nm) 

agglomerate at the growth temperature (800 ºC) forming pits, as shown in the SEM image 

and corresponding optical image of Figures 3.9 and 3.10, respectively, which leads to 

poor graphene quality. The agglomeration also appears at higher temperatures (900 ºC) 

for optimized Co film thickness (100 nm), as shown in the SEM image and 

corresponding optical image of Figures 3.11 and 3.12, respectively.   
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Figure 3.9: SEM image of graphene grown on Co film having thickness less than 100 nm 

(~60 nm) at the optimized growth temperature (800 ºC), showing agglomeration of the 

Co film. Scale bar is 10 µm.  
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Figure 3.10: Optical image (corresponding the SEM image of Figure 3.9) of graphene 

grown on Co film having thickness less than 100 nm (~60 nm) at the optimized growth 

temperature (800 ºC), showing agglomeration of the Co film. Scale bar is 10 µm.  
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Figure 3.11: SEM image of graphene grown at higher temperature (900 ºC) on optimized 

Co film thickness (100 nm), showing agglomeration of the Co film.  Scale bar is 10 µm.  
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Figure 3.12: Optical image (corresponding to the SEM image of Figure 3.11) of graphene 

grown at higher temperature (900 ºC) on optimized Co film thickness (100 nm), showing 

agglomeration of the Co film.  Scale bar is 10 µm.  
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3.7 RAMAN SPECTROSCOPY 

After the transfer of CVD-grown graphene films to another SiO2/Si substrate and 

removal of the PMMA support layer, the transferred graphene films were characterized 

by Raman spectroscopy to further evaluate the thickness, quality and uniformity of the 

graphene films.  For this research, Raman spectroscopy measurements were performed 

with a Renishaw inVia Raman Microscope using a 532 nm excitation wavelength. 

The optical micrograph is displayed in Figure 3.13(a), showing a selected area of 

35 µm × 30 µm, which was investigated thoroughly using Raman mapping. Figures 

3.13(b) and 3.13(c) show the color map of 2D peak intensity and the Raman spectra taken 

from the regions, marked with the corresponding colored circles, respectively. The 

Raman spectrum corresponding to the black-circled (pink-circled) region shows a 2D 

peak position at 2675 cm
-1

 (2675 cm
-1

) with a full width at half maximum (FWHM) ~29 

cm
-1

 (~30.5 cm
-1

) and I2D/IG ~3.89 (~3.1), indicating monolayer graphene [4,20].  In 

contrast, the Raman spectrum associated with the green-circled (blue-circled) region 

yields a 2D peak position at 2688 cm
-1

 (2695 cm
-1

), a FWHM ~35 cm
-1

 (~42 cm
-1

) and 

I2D/IG ~1 (~1), which reveals the formation of bilayer (multilayer) graphene [4,12].  

However, the FWHM of the 2D band and the 2D-to-G intensity ratio of the Raman 

spectrum, taken from the multilayer region, clearly imply that the number of associated 

graphene layers does not exceed 5. 
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Figure 3.13(a-c): (a) Optical micrograph of graphene film transferred onto SiO2/Si. (b) 

Raman mapping image of 2D band intensity within the area marked in (a), showing 

large-area monolayer graphene with a small fraction of bilayer and multilayer/few-layer 

graphene (FLG). (c) The corresponding Raman spectra of the circled regions in (b). 

Raman spectra corresponding to the black-circled and pink-circled regions indicate 

monolayer graphene with 2D peak positions at 2675 cm
-1

. Raman spectra associated with 

the green-circled and blue-circled regions indicate bilayer and multilayer graphene/FLG 

with 2D peak positions at 2688 cm
-1

 and 2695 cm
-1

, respectively.  
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A blue shift of the 2D peak position with the increase of number of graphene 

layers was observed by normalizing the 2D bands, as shown in Figure 3.13(d). This is 

consistent with the previous report on exfoliated graphene films [21].  The number of 

layers was further verified from Raman mapping corresponding to the FWHM of the 2D 

band, as displayed in Figure 3.13(e). The lower limit in the color range in Figure 3.13(e) 

represents a FWHM = 26 cm
-1

 while the upper limit corresponds to a FWHM = 58 cm
-1

. 

Figure 3.13(e) strongly supports that most of the mapped area of the film (~95%) consists 

of monolayer graphene, having a FWHM less than 33cm
-1

, with only a small fraction 

corresponding to possibly bilayer and multilayer graphene [4].  In addition, Raman 

mapping corresponding to the intensity of the G-band (Figure 3.13(f)) further validates 

the uniformity of the film as consisting of predominantly monolayer graphene. D-bands, 

associated with the defects and/or disordered carbon atoms, were also observed at around 

1340-1350 cm
-1

 in the Raman spectra. As shown in Figure 3.13(c), the D-to-G peak 

intensity ratio becomes smaller with the increase in number of graphene layers. This may 

be due to lattice strain predominantly affecting the first graphene layer attached to the Co 

surface during growth, or by the wet etching process to remove the underlying Co film 

during transfer of the graphene layer to the SiO2/Si substrate [12].  The second reason is 

more likely in our case, as we observed negligible D band in graphene films before 

transfer. In addition, we cannot avoid the possibility of dangling bonds on the graphene 

film after removing the Co film, which may introduce more defects in the graphene film, 

thereby increasing the D band intensity. 
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Figure 3.13(d-f): (d) Normalized 2D peak intensities corresponding to the Raman spectra 

in (c), showing a blue shift of the 2D peak position with the increase of number of 

graphene layers. (e) Raman mapping of 2D band peak width and (f) G band intensity in 

the same region mapped in (b).  
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3.8 TRANSISTOR FABRICATION AND ELECTRICAL CHARACTERIZATION 

Transport properties of Co-grown graphene films were studied by fabricating 

back-gated GFETs with Ni source/drain contacts on monolayer regions of transferred 

graphene films by using electron beam lithography (EBL).  Nickel contacts were chosen 

for their smaller contact resistivity, compared to both Ti/Au and Cr/Au, as the benefits of 

using graphene may be obscured by large contact resistivity [22].  Device fabrication 

began by transferring synthesized graphene films onto arsenic-doped Si (100) substrates 

with a very low resistivity of less than 5 mOhm-cm, upon which a ~285 nm thick SiO2 

layer was grown by thermal dry oxidation. The low resistivity Si substrate allows for its 

use as a global back-gate. Monolayer graphene regions used for device fabrication were 

identified and selected by a combination of optical microscopy and Raman spectroscopy. 

An active region was defined by EBL and oxygen plasma etching. A second EBL step 

was performed to define metal contacts for a four-point structure, followed by a 50 nm 

thick Ni e-beam evaporation and lift-off process. All electrical measurements were taken 

on similar back-gated devices at room temperature in a vacuum probe station using an 

Agilent 4156C Semiconductor Parameter Analyzer. 

The inset of Figure 3.14(b) shows an example optical microscope image of a 

fabricated device. From the transfer characteristics (Figure 3.14(a)), an ION/IOFF ratio of 

~3 is observed, which is comparable to other reported devices fabricated by CVD growth 

on Cu [1,5].  The minimum conductivity (maximum resistivity) point observed in the 

transfer characteristics (four-point resistance (R4-Point) versus VBG-VDIRAC) as shown in 

Figures 3.14(a) and 3.14(b), respectively, corresponds to the charge neutrality point 
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(known as the Dirac point), indicating an equal concentration of holes and electrons.  We 

observed positive Dirac points in our devices, which may be due to unintentional 

extrinsic hole-doping caused by adsorbants that were introduced during device processing 

[1,23,24]. 

 

Figure 3.14: (a) GFET transfer characteristics. (b) R4-Point versus VBG - VDIRAC and 

extracted hole and electron mobility, indicating preferential hole-conduction over 

electron-conduction. Inset: Optical microscope image of a 4-point GFET. (c) Output 

characteristics at VBG = VDIRAC (black), VBG = VDIRAC -15 V (red), VBG = VDIRAC + 15 V 

(blue). 
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Hysteresis, as indicated by the shift in the Dirac point between forward and 

reverse sweeps of the back-gate voltage (VBG), was observed to be ~3 V (Figure 3.14(a)), 

indicating the presence of trapped charges at the SiO2/graphene interface [25].  These 

trapped charges may be introduced, to a certain extent, by the Co etching and transfer 

process, as previously described. The number of trapped charges per unit area N (i.e., 

charged impurities) can be estimated from the shift in the Dirac point and the oxide 

capacitance (Cox) of the SiO2 bottom dielectric as N = Cox∆VDIRAC/2e [26].  From this 

equation, we calculate N to be ~1.2 x 10
11

 cm
-2

, where Cox is ~12 nF/cm
2
.  This value of 

trapped charge is low and in good agreement with previous studies [26-28], and despite 

the possibility of unintentional doping during device fabrication, is indicative of a 

relatively clean sample [28]. 

Mobility was calculated by fitting the measured R4-Point versus VBG-VDIRAC data to the 

model for GFET resistance described elsewhere [29].  In particular, we have compared 

electron and hole mobility for our devices. Specifically, as shown in Figure 3.14(b), the 

data was separately fit for holes, VBG - VDIRAC < 0, and for electrons, VBG - VDIRAC > 0. The 

resulting mobility was ~1600 cm
2
/V-s for holes and ~1000 cm

2
/V-s for electrons, 

indicating preferential hole conduction over electron conduction, which may be due in 

part to the unintentional extrinsic doping [23,24].  Such preferential hole conduction has 

been reported for various sources of graphene, including graphene synthesized by CVD 

over Cu [1].  From the R4-Point versus VBG-VDIRAC data of Figure 3.14(b), and 

complementary R2-Point versus VBG-VDIRAC data measured on the same device, we extracted 

a 4-point to 2-point mobility ratio (µ4-Point/µ2-Point) of ~1.5 and a contact resistivity (ρC) of 
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~2135 Ω-µm, where ρC = RcontactW = (~300 Ω)(7 µm). These results are in excellent 

agreement with previous results [22], and imply that the contact resistivity is 

characterized by the channel width as opposed to the contact area.  

As further confirmation as to the preferential hole conduction over electron 

conduction in our GFETs, Figure 3.14(c) shows the output characteristics for holes and 

for electrons at various values of VBG.  No current saturation is observed over the range 

of VDS from 0 V to 100 mV.  As shown, the modulation of the drain current is much more 

significant when the graphene is electrostatically doped p-type (VBG – VDIRAC < 0), as 

compared to when the graphene is comparably electrostatically doped n-type (VBG – 

VDIRAC > 0).  This is expected given the higher mobility for holes observed in our devices 

(Figure 3.14(b)). Indeed, the IDS at VDS = 100 mV for VBG – VDIRAC = -15 V is ~1.8 times 

greater than the IDS at VBG = VDIRAC, while the IDS at VDS = 100 mV for VBG – VDIRAC = 

+15 V is ~1.3 times higher than the IDS at VBG = VDIRAC. 

  3.9 SUMMARY 

In summary, we have grown large-area monolayer graphene films on Co films 

deposited on SiO2/Si substrates by a CVD-based process using C2H2 as a carbon source. 

The number of graphene layers is influenced by the Co film thickness. Raman spectra 

and mapping show that our graphene films are predominantly monolayer (~80% 

monolayer surface coverage). Moreover, by performing a thorough analysis of the 2D 

FWHM, 2D peak position, and the 2D-to-G intensity ratio, we have characterized the 

nature of monolayer graphene, as compared to bilayer and multilayer graphene/FLG. 

Electrical transport measurements reveal high mobility values of ~1600 cm
2
/V-s and 
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~1000 cm
2
/V-s for holes and electrons, respectively. Our GFETs also exhibited an 

ION/IOFF ratio of ~3 and low trap density of ~1.2 x 10
11

 cm
-2

. These results show the 

promise of using Co for monolayer graphene synthesis, which could be useful for Si-

based, CMOS-compatible nanoelectronics. 
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Chapter 4:  Graphene Frequency Doubler on Quartz 

4.1 OVERVIEW 

The previous chapter addressed the issue of synthesizing high quality, large-area 

graphene ‒ a challenge that must be met if graphene is going to become a commercially 

viable Si replacement material.  Yet, even if that challenge is met, another obstacle 

remains, and that is to find a suitable graphene device application.  Because graphene is a 

zero-bandgap material, it is difficult to implement in digital logic applications.  Thus, in 

this chapter, we explore GFET frequency doublers as a promising alternative application 

which takes advantage of graphene’s intrinsic ambipolar electron-hole symmetry.  

Section 4.2 provides further motivation regarding the use of graphene for RF 

applications, and in particular for frequency doublers.  A discussion of the graphene 

synthesis process and Raman characterization is given in Section 4.3, followed by a 

discussion of device fabrication in Section 4.4.  DC and RF electrical characterization is 

provided in Section 4.5.  A detailed investigation into the performance of our graphene 

frequency doublers is given Section 4.6, including bandwidth and conversion gain.  

Theoretical performance of GFET frequency doublers is addressed in Section 4.7.  

Lastly, we also investigated the possibility of using our GFET devices as frequency 

detectors, and Section 4.8 includes experimental results.  This work underscores the 

potential of using graphene for RF device applications and motivates the need for further 

research in this area. 
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4.2 MOTIVATION FOR USING GRAPHENE FOR RF APPLICATIONS 

As mentioned in the previous section, one unique device application of its 

ambipolar property is for frequency translation where input signal frequencies can be 

translated up to higher frequencies (frequency multipliers) often in integer multiples or 

translated down to zero or baseband frequencies (frequency detectors) [1]–[4].  In recent 

years, frequency multipliers have received renewed attention particularly for THz (~100 

GHz – 1 THz) applications driven by strategic interests in security, imaging, short-range 

communication, and molecular spectroscopy [5].   

Graphene field-effect transistors (GFETs) appear to be the most promising 

transistor device for GHz/THz applications owing to their high mobility which yields the 

highest cutoff or transit frequencies beyond the reach of conventional solid-state 

transistors as shown in Figure 4.1. In this research, GFETs operating ~50% beyond their 

transit frequency (fT) have been demonstrated for the first time. This result had not been 

observed prior to this wok, and it indicates that graphene devices employing the 

ambipolar property might be even more useful for high-frequency electronics than 

previously thought, potentially providing useful electronic performance beyond the 

experimental 300 GHz and predicted THz device transit frequencies [6], [7].   
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Figure 4.1: Transit frequency comparison for different high-frequency FETs vs. gate 

length. The symbols are experimental data points and the dashed lines are the projected 

mobility-scaled performance of GFETs. 300 GHz fT is the fastest experimental GFET to 

date [6]. For THz operation, higher-mobility scaled GFETs (dashed lines) offer the 

greatest prospects at moderate gate lengths. Figure adapted from Schwierz [8]. THz fT 

values are also confirmed by quantum mechanical simulations that include velocity 

saturation [7].  

 

4.3 GRAPHENE ON QUARTZ 

Large-area graphene films were synthesized on Cu substrates using a low-

pressure CVD process as in [9].  After growth, the graphene was transferred to a single-

crystal ST-cut quartz wafer by the process described in [10].  The synthesis and transfer 

was carried out by UT-Austin colleagues within the Department of Mechanical 

Engineering and the Texas Materials Institute.  Figure 4.2(a) shows an optical image of 

monolayer graphene that has been transferred onto quartz, where the even color is 
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indicative of uniform graphene coverage.  Graphene was transferred onto quartz for 

subsequent device fabrication as quartz provides a low-capacitance, atomically smooth 

substrate, and it is thus an ideal choice for low loss and temperature stable high-

frequency electronics [11]. 

As shown in Figure 4.2(b), the Raman spectrum of the transferred graphene 

reveals a 2D peak at 2679 cm
-1

 with a full width at half maximum (FWHM) ~24.5 cm
-1

, 

indicating monolayer graphene [12]–[14]. A peak at ~1160 cm
-1

, due to the quartz 

substrate, is also observed [15]. The inset of Figure 4.2(b) shows the Raman mapping 

corresponding to the intensity of the 2D peak, which further validates the uniformity of 

the graphene film over a 700 µm
2
 area, enabling fabrication of arrays of devices. 

 

 

Figure 4.2: (a) Optical image of graphene on quartz showing an even color indicative of 

uniform coverage. (b) Raman spectroscopy of the CVD grown graphene used in this 

work confirming the monolayer structure. Inset: Local Raman map of the unique 

monolayer 2D peak showing uniform graphene coverage over 700 µm
2
 area that enabled 

the fabrication of arrays of devices.  
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4.4 DEVICE FABRICATION 

GFETs were fabricated as illustrated in Figure 4.3 using electron-beam 

lithography (EBL) and standard cleanroom processes. Charging effects of the insulating 

quartz substrate during EBL processing were avoided by using a water-soluble 

conducting polymer (Espacer 300Z from Showa Denko K.K.). After transfer of the 

graphene to the quartz substrate, an active region was defined by EBL and oxygen 

plasma etching. A second EBL step was performed to define metal contacts for the 

source and drain of a ground-signal-ground (GSG) structure, followed by a 50 nm thick 

Ni e-beam evaporation and lift-off process. The gate dielectric consists of a 1.5 nm thick 

Al nucleation layer, followed by a 20 nm thick Al2O3 layer deposited by atomic layer 

deposition (ALD) [16]. A 50 nm thick Ni gate contact is then defined by EBL and a lift-

off process. Figure 4.4 shows a scanning electron microscope (SEM) image of a 

completed 3x3 array of GFETs fabricated by the process illustrated in Figure 4.3, and 

Figure 4.5 shows an optical microscope image of a typical GFET.  The arrow indicates 

the location of the patterned graphene sheet underneath the active device region. DC and 

RF characterization were performed using an Agilent Semiconductor Device Analyzer 

and Vector Network Analyzer, respectively. 
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Figure 4.3: Illustration of top-gated graphene device fabrication process.  

 

 

 

Figure 4.4: SEM image of a completed 3x3 array of GFETs fabricated with the process 

illustrated in Figure 4.3.  
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Figure 4.5: Optical image of a typical GFET from the 3x3 array with an arrow indicating 

the location of a patterned graphene sheet underneath the active device region.  
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4.5 DEVICE PERFORMANCE 

A representative transfer curve of a high-performance GFET on quartz is shown 

in Figure 4.6 with extracted electron and hole mobility of ~5000 cm
2
/V-s and ~2700 

cm
2
/V-s, respectively, using a well-established low-field diffusive transport model [16], 

[17]. The high-mobility suggests electrically good quality graphene that is not 

substantially impacted by the complex device fabrication.  The GFET is biased at VDirac 

for doubler operation, as discussed in Section 4.6. 

 

Figure 4.6: Transfer curve of a GFET on quartz with 280 nm channel length. The electron 

and hole mobility is ~5000 cm
2
/V-s and ~2700 cm

2
/V-s, respectively, at room 

temperature in air extracted from a well-established low-field diffusive transport model 

[16], [17]. VDS = 10 mV.  
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The output characteristics of a GFET used for frequency multiplication is shown 

in Figure 4.7(a), which is in good agreement with a circuit model based on validated 

graphene compact models [18], [19].   

 

Figure 4.7: (a) Output characteristics of the GFET multiplier in good agreement with a 

compact model based on prior work [18], [19]. VGS varies from 0-2 V in 0.5 V steps. The 

validated compact model including non-idealities enables device and circuit performance 

assessment. (b) Measurement of the current gain of the GFET multiplier. The measured fT 

is ~2 GHz including all the device intrinsic and extrinsic capacitances. VDS = 2.5 V and 

W/L = 50 µm/0.5 µm.  

 

The short circuit current gain |h21| of a ~500 cm
2
/V-s mobility GFET is shown in Figure 

4.7(b). The device transit frequency (fT), defined as the frequency of unity current gain, 

and including the effects of all capacitances and contact resistance (Rc), was directly 

measured to be 2 GHz at the peak electron transconductance (gm~13.4  µS/µm @ VGS 
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~2V) with VDS = 2.5 V.  While GFET carrier mobilities as high as ~5000 cm
2
/V-s were 

observed, as shown in Figure 4.6, mobilities as low as ~500 cm
2
/V-s were also observed 

(e.g., as in the device of Figure 4.7).  Such lower mobilities can be attributed to the resist 

residue of current solution-based transfer methods which lead to uncontrolled impurity 

and defect scattering [20], [21], and which is indicated by the relatively flat mobility–

temperature profile [22], [23] as shown in Figure 4.8.  Remarkably, even with a low 

mobility GFET, record GHz performance is achieved. 

 

 

Figure 4.8: Temperature dependent mobility for low mobility (~500 cm
2
/V-s) GFETs, 

where low mobility is due to the resist residue of current solution-based transfer methods 

which lead to uncontrolled impurity and defect scattering, as indicated by the relatively 

flat mobility-temperature profile. µo is the mobility at room temperature (300K).  
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The transit frequency can also be calculated as:  

 

   
  

     
 (4.1) 

 

in accordance with Refs. [2], [8], [24], where the gate oxide capacitance (Cox) is ~190 

nF/cm
2
, based on the transistor dimensions (W/L = 50 µm/0.5 µm) and the gate dielectric 

stack [24], [25]. Using this equation, fT is calculated to be ~2.25 GHz, in close agreement 

with the measured value, indicating the weak effect of parasitic substrate and fringe 

capacitances, a direct benefit of using insulating quartz for high-frequency applications. 

Mobility improvements via robust non-detrimental graphene post-growth transfer will 

proportionately increase the device speed.  For example, a mobility of 10,000 cm
2
/V-s for 

the given GFET will result in an fT ~40 GHz.  This is remarkable because of the high 

extrinsic fT which is actually accessible for circuits, in contrast to the often reported 

intrinsic fT which is an idealized metric.  The maximum oscillation frequency (fmax), 

defined as the frequency of unity power gain, was also measured to be ~1.8 GHz. 
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4.6 EXPERIMENTAL DOUBLER PERFORMANCE 

Figure 4.9 illustrates the circuit schematic of a GFET frequency doubler, and 

Figure 4.10 shows the oscilloscope display, with clear evidence that the output (2 MHz) 

is oscillating at twice the input frequency (1 MHz).   

 

  

Figure 4.9: Circuit schematic of the GFET frequency doubler. Zin = ZL = 50 Ω, typical of 

GHz and THz systems. For maximum frequency doubling based on electron-hole 

symmetry, the device is biased at the Dirac point. The L and C network are necessary to 

route the DC and AC signals separately at the output.  

 

To operate the GFET as a frequency doubler, the device is biased at the Dirac point for 

maximum frequency doubling based on the intrinsic electron-hole symmetry [1]–[4].  

While biased at the Dirac point, shown in Figure 4.6, a sinusoidal input signal is 

superimposed on the GFET gate.  As such, electrons will conduct during the positive half 

cycle of the sinusoidal input signal, and holes will conduct during the negative half cycle, 

thereby resulting in an output signal at the GFET drain having a fundamental frequency 

which is twice that of the input signal.    
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Figure 4.10: Real-time oscilloscope output showing GFET frequency doubling at 2 MHz, 

with a corresponding input frequency of 1 MHz.  

 

The spectrum analyzer output shown in Figure 4.11 confirms frequency doubling 

for an input frequency of 10 MHz and also illustrates the high spectral purity of the 

output signal for the GFET doubler, where more than 90% of the output power is at the 

doubled frequency. All other harmonics are ≥10x lower.    
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Figure 4.11: Spectrum analyzer output with 10 MHz input frequency and 0 dBm power. 

More than 90% of the output power is at the doubled frequency. All other harmonics are 

more than 10x lower than the doubled signal.  

 

Figure 4.12(a) shows the output power of the doubled signal with a measured 

small-signal slope ~20 dB/decade, as expected of ideal square-law ambipolar devices. 

Figure 4.12(b) is the conversion gain (Pout,2f/Pin,1f where Pin,1f  and Pout,2f are the input and 

output powers at the fundamental and doubled frequency, respectively) of the GFET 

frequency doubler.  Both the output power and conversion gain are in strong agreement 

with the compact circuit model, revealing up to -23 dBm of available power.  
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Figure 4.12: (a) Doubled output power, and (b) conversion gain of the experimental 

GFET frequency doubler with good agreement to graphene circuit model. The small-

signal slope is 20 dB/decade expected of ideal square-law ambipolar devices. The GFET 

is biased at VDIRAC = 1.4V and VDS = 2 V. The input frequency is 10 MHz and device W/L 

= 50 µm/0.5 µm.  

 

A primary metric for analog circuits is the -3 dB frequency (f-3dB), which 

represents the actual frequency bandwidth in practical circuit implementations. The 

GFET doubler’s frequency response presented in Figure 4.13 reveals f-3dB = 3 GHz, the 

highest bandwidth achieved for GFET frequency multipliers. The bandwidth, presently 

limited by low mobilities and contact resistance is expected to be at least 10x higher in 

the intrinsic limit based on reports of a similar experimental GFET with 500nm channel 

length [24].  
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Figure 4.13: Measured frequency response of the normalized conversion gain (CG) of the 

GFET frequency doubler. The straight line is the standard Bode guide for extracting the 

bandwidth. The extracted bandwidth is 3 GHz, a record bandwidth for GFET frequency 

multipliers. The GFET is biased at VDIRAC = 1.4V and VDS = 2 V and device W/L = 50 

µm/0.5 µm.  

 

 

4.7 THEORETICAL DOUBLER PERFORMANCE 

The conversion gain and output power of the GFET frequency doubler are 

presently limited by Rc, which is extracted to be ~290 Ω, on the order of the channel 

resistance at the Dirac point (RDirac = 317 Ω).  The same graphene transistor with 

negligible contact resistance can provide a 10x improvement in the conversion gain 

(Figure 4.14(a)).  We employ the validated circuit model to determine the maximum 
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conversion gain achievable, which is currently the most pressing question related to 

graphene ambipolar frequency multipliers.  In the theoretical limit of an ideal GFET with: 

i) vanishing Rc and impurity carriers, ii) perfect electron-hole symmetry, and iii) 

saturation velocity bounded by the Fermi velocity (~10
8
 cm/s), the maximum conversion 

gain approaches a near lossless (~-1.5 dB) performance as the gate oxide capacitance 

(Cox) is scaled into the quantum capacitance (Cq) regime (Cox>> Cq) as shown in Figure 

4.14(b). This indicates that a 1000x improvement is possible compared to existing 

experimental achievements in 50Ω systems, and motivates the need for significant further 

device research and fabrication optimization. To place these results in perspective, the 

near lossless frequency doubling is >2x higher than an ideal varistor doubler, and 

comparable to an ideal varactor doubler, albeit without the inherent narrowband 

limitation of varactors.  
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Figure 4.14: (a) The simulated impact of Rc on the conversion gain of the experimental 

GFET frequency doubler. Circuit simulations indicate about 10x improvement in the 

maximum conversion gain if Rc were negligible compared to the channel resistance. For 

the experimental GFET, Rc ~290 Ω and the channel resistance is ~317 Ω. (b) Circuit 

simulations of the maximum conversion gain of an ideal GFET frequency doubler with 

scaled mobility and oxide capacitance revealing near lossless conversion gain in the 

quantum capacitance limit (Cox>>Cq). Cqo (~8.4 fF/µm
2
) is graphene’s equilibrium 

quantum capacitance, a useful reference for normalizing Cox.  

 

4.8 EXPERIMENTAL GFET DETECTOR 

Our GFET devices on quartz were also measured for their performance as GFET 
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µA/mW.  Simulated removal of Rc, using the validated circuit model, results in >5x 

improvement of the responsivity (Figure 4.15(b)).  

 

  

Figure 4.15: (a) Experimental GFET detector responsivity (ΔID/ΔPin,1f) measured for the 

first time. The input frequency is 10 MHz and the GFET is biased at the Dirac point for 

maximum rectification of AC signals. The dashed line is a visual guide. (b) Circuit 

simulation of the performance benefits available by minimizing contact resistance. The 

responsivity improves by more than 5x by scaling down Rc from 290 Ω to values much 

smaller than the channel resistance (~317 Ω).  
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4.9 SUMMARY 

In summary, in this chapter, we have explored in detail the possibility of using 

graphene to implement GFET frequency doublers as a promising graphene device 

application.  We also demonstrate the possibility of graphene-based frequency detectors.  

Regarding use as a frequency doubler, we observed a record 3 GHz performance by 

employing the intrinsic electron-hole symmetry, enabled in part by device fabrication on 

low-capacitance, smooth crystalline quartz substrates.  The 3 GHz operating bandwidth 

exceeds the device fT by 50%, indicating that graphene multiplier circuits can 

substantially exceed the device transit frequency.  In the limit of vanishing device non-

idealities, we uncovered that near lossless frequency multiplication is possible, making 

optimized GFETs an attractive device for frequency multiplication at sub-THz 

frequencies beyond the frequency capability of conventional solid-state FETs. 
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Chapter 5:  Impact of Contact and Access Resistances in GFETs on 

Quartz Substrates for RF Applications 

5.1 OVERVIEW 

The discussion of Chapter 4 presented encouraging results regarding the use of 

graphene for high frequency applications.  However, it was also noted that the 

performance of graphene-based frequency doublers is currently limited by parasitic 

contact resistance, among others.  In a more general sense, implementation of graphene-

based devices faces several challenges including process-induced defects and impurities, 

as well as parasitic effects.  In particular, for GHz/THz operation, the effect of parasitic 

series resistance remains particularly challenging.  The parasitic series resistance (RS) can 

be defined as RS = RC + RA, where RC is the contact resistance due to the metal 

interconnects and the metal-graphene interface, and RA is the access resistance due to the 

ungated channel of a top-gated GFET, as shown in Figure 5.1(b).  GFET RF performance 

can be substantially degraded by RC and RA through the reduction of the device 

transconductance (gm) and the drain current (ID).  In prior work, RC and RA have often 

been lumped into a single resistance, both experimentally [1] and theoretically [2].  

However, to better understand the effects of parasitic resistances on the high frequency 

performance of GFETs, it is important to characterize the separate impact that RC and RA 

each have on RF device performance.  In this chapter, we experimentally demonstrate the 

distinct effects of RC and RA on electrical properties through a combination of DC and RF 

characterization of GFETs at room temperature and at low temperature (77 K), on 
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devices having short (200 nm) and long (1.8 µm) access regions (LA), and by exploring 

the effect of spin-on-doped source/drain access regions.  The effect of parasitic substrate 

capacitance was minimized by fabricating devices on single crystal quartz substrates, as 

described in Chapter 4. 

This chapter begins with a discussion of device fabrication (Section 5.2).  The 

temperature dependence of Rc and its resulting impact on the transit frequency (fT) is 

discussed in Section 5.3.  Section 5.4 discusses the effect of spin-on-doped source/drain 

access regions on DC performance, while Section 5.5 includes an investigation into the 

effect of spin-on-doped source/drain access regions on RF performance. 

 

 

  

Figure 5.1: (a) Schematic cross-section of completed top-gated GFET, illustrating the 

access region length LA. (b) Schematic cross-section after wet etch removal of ALD 

Al2O3 layer covering the source/drain access regions and illustrating device resistances 

RA, RC, and RChannel. (c) Optical microscope image of a typical completed GFET, where 

the arrow indicates the location of the patterned graphene sheet underneath the active 

device region.  
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5.2 DEVICE FABRICATION 

The device fabrication process was substantially the same as discussed in Chapter 

4, with the exception of the variations in this section.  Monolayer graphene films were 

synthesized by a low-pressure chemical vapor deposition (CVD) process in copper-foil 

enclosures using methane as a precursor [3].  Thereafter, the synthesized graphene was 

transferred to single crystal quartz substrates using a poly(methyl methacrylate) based 

transfer method [4].  Graphene active regions were defined by electron beam lithography 

(EBL) and oxygen plasma etching.  A water-soluble conducting polymer (Espacer 300Z 

from Showa Denko K.K.) was used during EBL processing to avoid charging effects.  A 

second EBL step was performed to define metal contacts for the source and drain of a 

ground-signal-ground (GSG) structure, followed by e-beam evaporation of a 50 nm thick 

Ni layer and a metal lift-off process.  A 20 nm thick atomic layer deposition (ALD) 

Al2O3 layer, seeded by a 1.5 nm thick e-beam evaporated Al nucleation layer, was 

deposited to form the gate dielectric [5].  A 50 nm thick Ni layer, defined by EBL and a 

lift-off process was used to form the gate contact.  The completed device is shown in the 

schematic cross-section of Figure 5.1(a).  At this stage, low temperature (77 K) RF 

measurements, the results of which are discussed in Section 5.3 below, were performed to 

study the impact of RC on fT.  RA cannot be modulated, for example by charge-transfer 

doping, while the access regions are covered by the ALD Al2O3 layer.  Electrostatic 

doping of the access regions [6], which requires a conductive back-gate, is also not 

possible due to the use of insulating quartz substrates.  In order to separately examine the 

impact of RA on fT, the ALD Al2O3 layer covering the source/drain access regions of the 
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GFET was etched away in order to dope them, resulting in a device structure shown in 

Figure 5.1(b).  The etchant employed was a 1:50 dilute HF solution, and the top-gate 

metal was used as a self-aligned hard mask during the etch while simultaneously 

protecting the top-gate dielectric layer.  By etching to expose the underlying graphene in 

the ungated source/drain regions, it was possible to modulate RA using a variety of 

dopants, as discussed in Section 5.4 and 5.5 below.  Figure 5.1(c) shows an optical 

microscope image of a typical completed top-gated GFET, where the arrow indicates the 

location of the patterned graphene sheet underneath the active device region. DC and RF 

characterization was performed using an Agilent Semiconductor Device Analyzer and 

Vector Network Analyzer, respectively. 

5.3 TEMPERATURE DEPENDENCE OF RC AND TRANSIT FREQUENCY 

The devices as shown in Figure 5.1(a) were used to initially probe the temperature 

dependence of RC, and thereby on fT.  RC was extracted in part by fitting the measured 

total GFET resistance (RTotal) versus VBG-VDIRAC data to the well-established low-field 

diffusive transport model as previously mentioned [7].  As shown in Figure 5.2, the 

contact resistance for both electrons and holes significantly decreases with decreasing 

temperature.  Such behavior may be attributed to changes in the scattering mean free path 

and the metal-graphene coupling length with temperature [8].  Mobility measured as a 

function of temperature, shown in Fig. 5.2(inset), and as in Figure 4.8, showed a nearly 

flat temperature dependence.  The nearly constant temperature dependence of mobility 

implies that RA and RChannel remain nearly constant with temperature.  The mobility of the 

devices used in this study, as extracted according to Ref. [7], was modest (~500 cm
2
/V-s) 
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due to resist residue introduced during the solution-based transfer of graphene films 

[9,10].  As discussed in Chapter 4, the flat mobility-temperature dependence (Figure 

5.2(inset)) indicates that such residues are responsible for impurity and defect dominated 

scattering [11,12] in our devices.  Nevertheless, measured GFETs still exhibited GHz 

performance due in part to the low parasitic capacitance provided by insulating quartz 

substrates.  The extrinsic transit frequency fT, shown in Figure 5.3 was measured to be 1.3 

GHz at room temperature (300 K) with VDS = 1.5V and VGS = 0.8V, and increased by as 

much as ~38.5% to 1.8 GHz at liquid nitrogen temperature (77 K).  The average increase 

in fT across several GFETs was ~23%, as discussed in more detail with reference to 

Figure 5.5.  Further, considering that fT may be defined by Equation 4.1, the increase in fT 

with decreasing temperature can be predominantly attributed to the reduction in RC with 

temperature and the corresponding increase in gm. 
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Figure 5.2: Contact resistance for both electrons and holes as a function of temperature. 

(inset) Mobility as a function of temperature. Flat temperature dependence indicates 

impurity and defect dominated scattering, and implies that RA and RChannel remain nearly 

constant with temperature.  
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Figure 5.3: Extrinsic fT measured at room temperature (1.3 GHz) and at 77 K (1.8 GHz). 

VDS = 1.5V and VGS = 0.8V.  

 

 

 

 

 

 

 

 

 



 92 

5.4 EFFECT OF SPIN-ON-DOPING ON DC PERFORMANCE 

After removal of the ALD Al2O3 layer covering the source/drain access regions of 

the GFET using the dilute HF etch described above, and resulting in the device structure 

as shown in Figure 5.1(b), various dopants were tested for their efficacy at doping (by 

charge-transfer doping) the GFET source/drain access regions, and thus modulate RA.  

The dopants, which were each separately characterized, included the water-soluble 

conductive polymer Espacer and polyethyleneimine (PEI).  We chose the conductive 

polymer Espacer as an analogue to existing studies describing metallic doping of 

graphene [13], as well as for its easy application and subsequent removal in water.  A 

solution of 0.02% (by wt.) of the branched PEI (Sigma Aldrich, Mn ~60 000, Mw ~750 

000) in methanol was used for the PEI doping.  PEI has been previously reported to be an 

n-type graphene dopant [14,15].  Doping of the GFET source/drain access regions was 

accomplished by using a controllable spin-on-doping process which we have previously 

described [15]. 

Figure 5.4 shows the transfer characteristics of a short channel device (LG = 500 

nm, WG = 50 µm), with short source/drain access regions (LA = 200 nm), before and after 

doping with each of the dopants described above.  The inset of Figure 5.4, in contrast, 

shows the effect of PEI doping on a GFET device with a much longer channel length (LG 

= 2 µm) and longer source/drain access regions (LA = 1.8 µm).  The etch to remove the 

Al2O3 layer covering the source/drain access regions from the short channel device 

introduces a considerable undercut below the gate, which impacts the characteristics of 

the short gate length GFETs more than the long channel devices.  This results in doping 
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of the exposed graphene below the gate and causes percolation of the dopant species 

through the remaining Al2O3 to the graphene in the channel, resulting in doping of the 

channel, depending on the dopant species.  This is evident by a negative shift of the 

VDIRAC (by -0.7 V) after PEI doping, and a positive shift (by 0.3 V) after Espacer doping.  

The source/drain access regions also get doped n-/p-type depending on the dopant.  

However, the absence of a gate to modulate the graphene conductivity in the access 

regions prevents direct probing of its VDIRAC.  It should be noted that the drain current at 

VDIRAC (IDIRAC) stays nearly constant before and after doping for short channel GFETs.  

On the other hand, IDIRAC for the long-channel device increases by a factor of more than 

2X.  Since the contact resistance (RC) dominates over the access resistance (RA) in the 

short-channel devices, there is no improvement in IDIRAC after doping, in contrast to the 

long-channel devices where the RA contribution from the access regions remains 

significant, and which allows for doping to be used to effectively reduce the access 

resistance and thereby increase IDIRAC. 
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Figure 5.4: (a) Transfer characteristics of a GFET with short source/drain access regions 

(LA = 200 nm), before doping and after doping with PEI or Espacer, showing negligible 

change in IDIRAC. VDS = 100 mV. (inset) Transfer characteristics a GFET with long 

source/drain access regions (LA = 1.8 µm), before doping and after PEI doping, showing 

increase in IDIRAC by a factor of more than 2X. VDS = 20 mV.  
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5.5 SUMMARY OF TEMPERATURE AND DOPING EFFECT ON RF PERFORMANCE 

Figure 5.5(a) summarizes the percentage change in fT for several small-geometry 

devices (LA = 200 nm) measured at low temperature (77 K), which provides insight into 

the dependence of fT on RC, and Figure 5.5(b) shows the percentage change in fT as a 

function of doping for equivalently sized devices, yielding similar insights into the 

dependence of fT on RA.  The inset schematic device cross-sections shown in Figure 5.5(a) 

and 5.5(b) illustrate the structure of the device used for collection of each of the low 

temperature and doping data, respectively.  As shown in Figure 5.5(a), for the small-

geometry devices tested (i.e., short access regions in particular) the average percentage 

increase in fT at low temperatures is ~23%, indicative of the strong influence of RC on 

these devices.  Measurement of the transit frequency for devices with doped access 

regions at room temperature showed almost no change in fT, which underscores the 

correspondingly smaller impact of RA on fT.  From the data,  it is evident that RC 

dominates fT for short channel devices with short source/drain access regions, while the 

contribution of RA from the access regions become significant for longer channel devices 

with longer access regions.  Thus, further work must be done in particular to reduce RC as 

devices continue to scale, for example, by choosing alternative metals with lower 

resistivity and Schottky barrier heights, and by improving the metal-graphene interface.  

The use of self-aligned gate structures would also help minimize the impact of RA. 
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Figure 5.5: Percent change in extrinsic fT (a) at low temperature (77 K) and (b) as a 

function of doping.  The average increase in fT at low temperature is ~23%, indicating 

strong RC dependence. The transit frequency for doped devices showed almost no change 

in fT, indicating the correspondingly smaller impact of RA on fT for small-geometry 

devices (i.e., short LA). 
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5.6 SUMMARY 

In summary, in this chapter, the impact of parasitic contact and access resistances 

on DC and RF performance of graphene FETs on quartz substrates has been 

experimentally examined.  Low temperature (77 K) measurements of short-channel (500 

nm) GFETs with short (200 nm) source/drain access regions exhibited ~23% fT 

improvement, highlighting the dependence of RF performance on RC.  Similarly sized 

GFETs with spin-on-doped source/drain access regions revealed negligible change in fT, 

revealing the smaller impact of RA on scaled GFETs.  The increasing impact of RA 

becomes evident for larger devices with large access regions, as was shown by 

comparison of DC conductivity measurements of doped/undoped long- and short-channel 

devices.  Thus, to fully realize the projected GFET RF capabilities, it is important to 

address the detrimental effects of parasitic resistance, and in particular more work is 

needed to reduce the parasitic contact resistance for highly scaled devices. 
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Chapter 6:  Conclusion 

6.1 SUMMARY 

As we near the end of the Si CMOS roadmap, technological challenges continue 

to mount, and we are now facing fundamental physical limits that cannot be overcome by 

conventional materials, devices, or scaling techniques.  Toward that end, a considerable 

amount of effort has been spent on III-V substrates and graphene high mobility channel 

materials as potential Si replacements for MOS device fabrication.  In the first part of this 

dissertation, transient charging effects in high-κ dielectrics and in particular at the III-

V/high-κ dielectric interface, were experimentally examined, as such effects remain a key 

obstacle to future III-V substrate integration.  Specifically, by using a combination of 

pulsed I-V and charge pumping measurements, the effects of both fast interface traps and 

slow, near-interface traps is elucidated.  Graphene and graphene-based devices were the 

subject of the second part of this dissertation.  First, a CMOS compatible technique for 

synthesizing large-area graphene by CVD of acetylene on Co thin films was introduced 

in an effort to address the need for practical and manufacturable methods to synthesize 

graphene.  The influence of Co film thickness on graphene synthesis was also carefully 

studied.  Back-gated GFETs were fabricated from the resulting high quality Co-grown 

graphene films.  Second, in light of graphene being a zero-bandgap material, logic device 

alternatives are needed.  Toward that end, we take advantage of graphene’s intrinsic 

ambipolar electron-hole symmetry to fabricate and characterize high-performance GFET 

frequency doublers.  Theoretical studies of our GFET frequency doublers further 
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illustrate the potential of such devices.  Lastly, to further understand and improve the 

performance of graphene-based devices, we study the impact of parasitic contact and 

access resistance on GFET DC and RF performance using a combination of low 

temperature measurements and spin-on-doping techniques.   

6.2 SUGGESTIONS FOR FUTURE WORK 

The performance of graphene frequency doublers reported in this dissertation is 

encouraging and motivates a promising application for graphene-based devices.  

However, as evidenced in this work, the performance of such devices can suffer because 

of parasitic effects and low mobility.  Thus, one suggestion for future work is to fabricate 

frequency doublers using higher mobility graphene devices, which we would expect to 

proportionally increase fT according to Equation 4.1.  One way to accomplish this would 

be to clean the graphene, for example via a vacuum annealing process [1], prior to device 

fabrication.  This would help to mitigate the impurity and defect scattering observed in 

our devices resulting from resist residues introduced during the graphene transfer process. 

Another opportunity for improving the performance of graphene-based frequency 

doublers is to scale the gate oxide, for example by using a Ti nucleation layer [2] instead 

of the Al nucleation layer, prior to ALD Al2O3 deposition.  As reported in the literature, 

this would result in a lower surface roughness and higher dielectric constant [2], which in 

turn would result in improved gate-channel capacitance, reduced scattering, and 

improved device mobility. 

The use of standard de-embedding techniques can also be implemented to extract 

intrinsic RF performance of graphene-based devices.  De-embedding includes fabricating 
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open and short test structures which can be used for subtraction of parasitic components 

(e.g., probe pad and interconnect parasitic capacitances, as well as the series resistance 

associated with pads and interconnects) from an actual device.  The layout of the open 

and short test structures should be identical to that of the actual device under test, except 

that the open test structure is fabricated on a substrate area without graphene, and the 

short test structure has the gate/source/drain shorted to one another.  Details of the de-

embedding technique can be found throughout the literature [3, 4, 5]. 

While the graphene frequency doublers discussed in Chapter 4 showed good 

spectral purity, the GFET devices fabricated and tested in this work also exhibited some 

asymmetry in their I-V characteristics.  Thus, another opportunity for future research 

would be to improve the I-V symmetry, for example by fabricating GFET frequency 

doublers using bilayer graphene.  Bilayer graphene devices, in particular at low 

temperatures [6], are known to exhibit improved symmetry, improved linearity, and a 

reduced value of minimum conductivity [6].  In addition to improved spectral purity, 

bilayer graphene frequency doublers may also be more efficient and have a higher 

conversion gain. 
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Appendix A: RTCVD Temperature and Gas Flow Profiles 

 

Figure A.1: Plot of flow rate of gases used and temperature measured in the RTCVD 

system-based graphene synthesis process on Co thin films as a function of time.  
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