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Introduction

• Graphene Field-Effect Transistor (GFET)

– High mobility and saturation velocity

– Applications in radiofrequency and photonics
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Introduction

Recombination time in graphene

𝜏 ≈ 1 − 100 ps have been reported
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Equilibrium Excess of carriers

𝑈 =
Δ𝑛

𝜏
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Mathematical model

• Poisson’s equation
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∇ · 𝜖 𝑥, 𝑦 ∇𝜙 𝑥, 𝑦 = 𝜌free 𝑥, 𝑦 𝜌free 𝑥, 𝑦 =
𝑞 𝑝 𝑦 −𝑛 𝑦

𝑡𝐺

𝜙 𝑡𝑡, 𝑦 = 𝑉𝐺 − 𝑉𝑔𝑠0

𝜙 −𝑡𝐺 − 𝑡𝑏, 𝑦 = 𝑉𝐵 − 𝑉𝑏𝑠0

ቤ
𝜕𝜙
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𝑦=0
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𝑦=𝐿

= 0

Boundary conditions



Mathematical model

• Carrier concentration
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𝑛 = 𝜎0 +
2

𝜋

𝑘𝑇

ℏ𝑣𝐹

2

ℱ1

𝐸𝐹,𝑛 − 𝐸𝐷

𝑘𝑇

𝑝 = 𝜎0 +
2

𝜋

𝑘𝑇

ℏ𝑣𝐹

2

ℱ1

𝐸𝐷 − 𝐸𝐹,𝑝

𝑘𝑇

𝐸𝐷 𝑦 = −𝑞𝜙 𝑥 = −
𝑡𝐺

2
, 𝑦 .

Electron and hole concentrations are deduced from the linear 

dispersión relation and the Fermi-Dirac statistics.



Mathematical model

• Current continuity equation
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𝜇𝑛 𝑦 = 𝜇𝑝 𝑦 = 𝜇 𝑦 =
𝜇𝐿𝐹

𝛽

1 +
𝜇𝐿𝐹
𝑣sat

ฬ−
𝜕𝜙
𝜕𝑦

𝑥=−
𝑡𝐺
2

𝛽

𝐽𝑛 𝑦 = 𝑛 𝑦 𝜇𝑛 𝑦
d𝐸𝐹,𝑛 𝑦

d𝑦

𝐽𝑝 𝑦 = 𝑝 𝑦 𝜇𝑝 𝑦
d𝐸𝐹,𝑝 𝑦

d𝑦

d𝐽𝑛 𝑦

d𝑦
= 𝑞𝑈 𝑦

d𝐽𝑝 𝑦

d𝑦
= −𝑞𝑈 𝑦

𝐸𝐹,𝑛 0 = 𝐸𝐹,𝑝 0 = −𝑞𝑉𝑆

𝐸𝐹,𝑛 𝐿 = 𝐸𝐹,𝑝 𝐿 = −𝑞𝑉𝐷

𝐽𝐷𝑆 = 𝐽𝑛 𝑦 + 𝐽𝑝 𝑦

Boundary conditions

Our model solves self-consistently 

Poisson’s equation and current 

continuity.



Mathematical model

• Recombination model
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d𝐽𝑛

d𝑦
= −

d𝐽𝑝

d𝑦
= 𝑞𝑈

𝑈 =
𝜕 Δ𝑛

𝜕𝑡
=

𝜕 Δ𝑝

𝜕𝑡
= −

Δ𝑛

𝜏
= −

𝑛 − 𝑛eq

𝜏

𝑈 = −
𝑛 − 𝑛eq 𝑛, 𝑝, 𝐸𝐷

𝜏

We consider band-to-band recombinations and 

charge neutrality.

𝑈 ∝ −Δ𝑛 Δ𝑝 ≈ Δ𝑛



RESULTS

Recombination Time in Drift-Diffusion Models of

Graphene Field-Effect Transistors
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Transfer curves
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Recombination mainly affects at biases close to Dirac point.
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Dirac point:

𝑽𝑮𝑺 = 𝟎. 𝟓 𝐕; 𝑽𝑫𝑺 = 𝟏 𝐕

𝐿 = 100 nm
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Far from Dirac point:

𝑽𝑮𝑺 = 𝟐 𝐕; 𝑽𝑫𝑺 = 𝟏 𝐕

𝐿 = 100 nm



Different channel lengths
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𝐿 = 100 nm

𝐿 = 1 μm
𝐸𝐹,𝑛 𝐸𝐹,𝑝 𝑛 𝑝 𝑈



CONCLUSIONS
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Conclusions

• Effect of recombination in GFETs. We 

considered band-to-band recombination with 

charge neutrality

• Recombination affects mainly around the Dirac 

bias, where charge transport is ambipolar

• For a 100 nm channel,  

– 𝜏 < 10 fs → single quasi-Fermi level 

approximation (𝜏 → 0 s)

– 𝜏 > 1 ps → null recombination rate (𝑈 = 0)

• These limits are larger for longer channels
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