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Abstract

:

This paper presents a one-transistor dynamic random-access memory (1T-DRAM) cell based on a gate-all-around junction-less field-effect transistor (GAA-JLFET) with a Si/SiGe heterostructure for high-density memory applications. The proposed 1T-DRAM achieves the sensing margin using the difference in hole density in the body region between ‘1’ and ‘0’ states. The Si/SiGe heterostructure forms a quantum well in the body and reduces the band-to-band tunneling (BTBT) barrier between the body and drain. Compared with the performances of the 1T-DRAM with Si homo-structure, the proposed 1T-DRAM improves the sensing margin and retention time because its storage ability is enhanced by the quantum well. In addition, the thin BTBT barrier reduced the bias condition for the program operation. The proposed 1T-DRAM showed a high potential for memory applications by obtaining a high read current ratio at ‘1’ and ‘0’ states about 108 and a long retention time above 10 ms.
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1. Introduction


As the electronics industry continuously expands through various applications, such as smart devices, cloud computing, artificial intelligence, and the Internet of things (IoT), the demand for the scaling of dynamic random-access memory (DRAM) for high-density storage and high-performance rises [1,2,3,4,5].



However, DRAMs typically consist of one-transistor (1T) and one-capacitor (1C). Such devices have a scaling limitation because the relatively large size of the capacitor cannot be reduced while maintaining its charge retention characteristics. Therefore, one-transistor dynamic random-access memory (1T-DRAMs), sometimes called capacitorless DRAMs, because the memory operation is realized using the floating body effect instead of the capacitor, have been studied for next-generation DRAM technology [6,7,8,9,10]. Both a silicon-on-insulator (SOI) single-gate structure [11,12] and a double-gate structure [13,14] can be employed for realizing a 1T-DRAM. However, these structures have many limitations in terms of integration density, price competitiveness, and compatibility with the fabrication process.



In this paper, we present a 1T-DRAM based on a gate-all-around junction-less field-effect transistor (GAA-JLFET) with a Si/SiGe heterostructure. The GAA-JLFET is one of the main next-generation structures for improving the chip integration density and performance. The Si/SiGe heterojunction was employed to improve the charge storage ability and reduce the bias conditions of the program operation. The memory characteristics such as the sensing margin and retention time were obtained using the 3-dimensional (3D) technology computer-aided design (TCAD) simulator and were investigated to verify their potential for memory applications.




2. Device Structure and Simulation Method


Figure 1a shows a 3D schematic and cross-sectional diagram of the GAA-JLFET-based 1T-DRAM. The round nanowire had a radius of 10 nm and consisted of the n-type Si/SiGe heterostructure. A low Ge content in SiGe of 0.2 was determined from the lattice mismatch between Si and SiGe. Doping concentrations of Si drain, SiGe body, and Si source regions were 5 × 1019 cm−3, 1 × 1018 cm−3, and 5 × 1019 cm−3, respectively. The body region was depleted by a high-gate work-function of 5.0 eV at a gate-to-source voltage (VGS) of 0 V (off-state) [15,16]. The depleted body region was used as a hole charge storage area. A valence band offset formed across the Si/SiGe interface. In general, the band alignment of the Si/SiGe heterojunction make a high valence band offset [17]. As shown in Figure 1b, the 1T-DRAM obtained a deep quantum well in the SiGe body region induced by a high valence band offset. It is important because the quantum well can improve the retention characteristics of a 1T-DRAM [18]. The thickness of the gate dielectric HfO2 was 2 nm. We designed a long channel length of 100 nm. A long channel length can improve a storage ability because a size of storage area is related to a channel length of the proposed 1T-DRAM. Therefore, the integration density of the 1T-DRAM can be improved by designing vertical GAA or stacked lateral GAA structures. The gate length (LG) and underlap length (Lunderlap) were 70 nm and 15 nm, respectively. The role of the underlap structure was to reduce the electric field generated at the body/drain and source/body interfaces, which arose due to the Shockley-Read-Hall (SRH) and trap-assisted tunneling (TAT) recombination [19,20,21]. The underlap structure can increase the biases for band-to-band tunneling (BTBT), which was used for forming electron-hole pairs (EHPs) as the program principle in the 1T-DRAM. The Si/SiGe heterojunction reduced the bias conditions for the program operation because its high valence band offset can induce a higher BTBT rate than a Si homojunction [22,23].



In order to evaluate the memory performance, a simulation was carried out using TCAD Sentaurus, which is the simulation package offered by Synopsys to develop and optimized semiconductor devices [24]. Sentaurus TCAD is capable of simulating numerically electrical and thermal characteristics of devices. Various physical models, such as SRH recombination, TAT, BTBT, and quantum confinement effects, were employed in the simulation to obtain reliable characteristics of 1T-DRAMs. In SRH and TAT models, the electron and hole lifetimes in Si were 1 × 10−5 s and 3 × 10−6 s, respectively [25]. In case of SiGe, the electron lifetime of 5 × 10−6 s and hole lifetime of 5 × 10−7 s were set because the smaller recombination lifetime in SiGe than that in Si can be caused the by growth processes [26]. The lifetimes in Si and SiGe were significantly reduced by the doping concentration and inner electric field.




3. Results and Discussion


Figure 2 shows the transfer curves of the 1T-DRAM at the temperatures of 300 K and 358 K. The 1T-DRAM exhibited a low off-state current (Ioff) of about 10−16 A/μm and a high threshold voltage (Vth) at a drain-to-source voltage (VDS) of 0.1 V. These results indicate that the body region was fully depleted by the gate metal at a VGS of 0 V. Here, full depletion can improve the retention characteristics of the 1T-DRAM because it reduces the recombination rate. When the temperature rose from 300 K to 358 K, the Ioff increased because a high temperature leads to faster carrier generation. An increase in carrier density can degenerate the retention characteristics due to the increase in recombination.



Figure 3 shows the transient characteristics of the 1T-DRAMs with Si and SiGe bodies for memory operations at the temperature of 300 K. The bias conditions for the operation states are summarized in Table 1. First, the program (write ‘1’) operation was performed using BTBT between the body and drain regions to set the 1T-DRAMs to ‘1’ state, as shown in Figure 4a. The thin tunneling barrier was formed when voltages VG_P = −1.0 V and VD_P = 1.5 V were applied at the gate and drain, respectively, as shown in Figure 4b. The tunneling barrier width was reduced by the Si/SiGe heterojunction. The holes generated by BTBT were stored under the valence band of the body region, while the generated electrons flowed through the drain region. The ‘1’ state of 1T-DRAM was completed by storing the hole charges in the body region. The read current at ‘1’ state (IR1) of the 1T-DRAM with the Si/SiGe heterojunction increased, whereas IR1 of the DRAM with the Si homojunction was almost unchanged. This is due to the difference of the tunneling barrier width. The 1T-DRAM with the Si homojunction obtained a small hole density after writing a ‘1’ operation because a low BTBT was induced by a relatively thick tunneling barrier. Thus, the 1T-DRAM with the Si homojunction needs a higher bias to write the ‘1’ operation.



It can be removed with the erase (write ‘0’) operation, as shown in Figure 5a. Here, the energy band of the drain was raised by the applied gate voltage (VG_E) of 1.0 V and the drain voltage (VD_E) of −1.5 V, as shown in Figure 5b. The holes stored in the body region moved through the drain region because the potential barrier for the hole was removed by the influence of the negative VD_E value. After the write ‘0’ operation, the hole density in the body region of the 1T-DRAM was smaller than that at the ‘1’ state.



Here, the difference in hole density between ‘1’ and ‘0’ states induced the changing depletion region in the center of the body, as shown in Figure 6a. At the ‘1’ state, the potential barrier height was reduced because the stored holes removed the depletion area from the center of the body, as shown in Figure 6b. Variations in the current were caused by the difference in the potential barrier heights at ‘1’ and ‘0’ states. As shown by the electron and hole density distribution in Figure 6b,c, the electron density in the center of the body at the ‘1’ state is higher than that at the ‘0’ state because the depletion region was reduced by a high hole density. Both hole and electron densities at the ‘0’ state were low. The IR1 of 1T-DRAM is higher than that at the ‘0’ state (IR0) due to the lowering of the potential barrier. As a result, the sensing margin of the 1T-DRAM with the SiGe body is 0.39 μA/μm at the bias condition of the read operation (gate voltage VG_R = 0.7 V and drain voltage VD_R = 0.1 V). The sensing margin was defined as the difference between IR1 and IR0. The 1T-DRAM with the SiGe body achieved a higher sensing margin than the 1T-DRAM with the Si body because of the efficiency of BTBT and the presence of the quantum well. In addition, IR1 and IR0 in the proposed 1T-DRAM are easily distinguishable due to a high IR1/IR0 ratio of 22.3.



Figure 7 shows the read currents IR at ‘1’ and ‘0’ states as functions of VG_R. When VG_R was 0.2 V, the 1T-DRAM obtained a very high IR1/IR0 ratio of about 108. As VG_R increased, IR0 rose gradually because a high VG_R formed a channel. When a VG_R above 0.8 V was applied, the difference between IR1 and IR0 disappeared because the storage region was removed with the depletion region.



Figure 8a shows the IR1 and IR0 of the 1T-DRAM as functions of hold time at the temperatures of 300 K and 358 K. At the former temperature, the IR1 and IR0 values were maintained for a long time. Two factors helped to achieve such excellent retention characteristics. The Si/SiGe heterostructure quantum well suppressed the diffusion of the stored hole charges, as shown in Figure 8b, and the underlap structure minimized the carrier recombination and generation across the source/gate and drain/gate interfaces. As hold time increased, IR1 decreased because recombination reduced the hole density. The increase in IR0 was influenced by carrier generation between the body/drain and body/source interfaces, which was caused by the SRH and TAT mechanisms while holding the ‘0’ state, as shown in Figure 8c. At the temperature of 358 K (approximately 85 °C), there were no significant changes in the IR1 and IR0 values up to 10 ms due to the reduction in carrier recombination and generation rates caused by the underlap structure.



The retention characteristics of the proposed 1T-DRAM are better than those of the 1T-DRAM with a Si body, as shown in Figure 9a. Here, the retention time is defined as the time elapsed until the sensing margin reaches 50% of its initial value. When the temperature was 300 K, the 1T-DRAM with a SiGe body retained the sensing margin for a hold time above 100 ms, whereas the sensing margin of the 1T-DRAM with a Si body sharply decreased after a hold time of 1 ms. The retention characteristics of the 1T-DRAM was affected by the diffusion and recombination mechanisms of the stored holes. The recombination rate in the proposed 1T-DRAM was higher than that of the 1T-DRAM with a Si body due to the high stored hole density, as shown in Figure 9b. However, the proposed 1T-DRAM obtained a long retention time because the diffusion of the holes was suppressed by the valence band offset between Si and SiGe. As a result, the diffusion mechanisms were the dominating factors reducing the retention time. Although the sensing margin was reduced at the temperature of 358 K, the proposed 1T-DRAM achieved a retention time above 10 ms. These results demonstrate that the proposed device has a high potential for embedded memory applications.



The performances of the 1T-DRAM with the Si/SiGe heterojunction were substantially affected by the valence band offset between Si and SiGe, which can be changed by the variation of Ge content in SiGe. In addition, we investigated the effects of Ge content in the SiGe body on the sensing margin and retention time of the 1T-DRAM, as shown in Figure 10. With the increase in Ge content, the sensing margin of the 1T-DRAM drastically increased. This result was due to a high BTBT rate, which was formed by the increased valence band offset between Si and SiGe. When the higher BTBT occurs, the sensing margin was improved by a higher hole density. In terms of retention time, the 1T-DRAM with high Ge content of 0.4 exhibited a short retention time of 7.7 ms. Although the high valence band offset between Si and SiGe suppressed the hole diffusion, the recombination rate became high at the source/body and body/drain interfaces. As a result, the increase in the recombination rate degraded the retention time of the 1T-DRAM with high Ge content. Thus, an optimum Ge content in the SiGe body was 0.3, considering the memory characteristics and lattice mismatch between Si and SiGe. The variation of Ge content in the proposed 1T-DRAM induced the trade-off between the sensing margin and retention time. The 1T-DRAMs obtained the trade-off between the sensing margin and retention time due to design parameters, such as channel doping [27] and body thickness [28], which affected the stored hole density and recombination rate simultaneously. Therefore, the memory characteristics of the proposed 1T-DRAMs can be improved by optimizing the design parameters.




4. Conclusions


The GAA-JLFET-based 1T-DRAM cell with the Si/SiGe heterostructure was presented for high-density memory applications. The efficiency of program operations was realized by BTBT between the SiGe body and Si drain regions due to the reduction in the tunneling barrier. The proposed 1T-DRAM achieved a high ratio of IR1/IR0 of about 108 at a low VG_R of 0.2 V and VD_R of 0.1 V. The retention time above 10 ms was obtained at the temperature of 358 K due to the quantum well, which was formed by the valence band offset between Si and SiGe. As a result, the proposed 1T-DRAMs is a suitable memory cell for high-density applications because of its nanowire structure and excellent memory performance.
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Figure 1. (a) 3D schematic and cross-section of the GAA-JLFET-based 1T-DRAM. (b) Energy band diagrams under the gate dielectric of the GAA-JLFET-based 1T-DRAMs with different body materials at VGS of 0 V and VDS of 0 V. 
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Figure 2. Transfer curves of the GAA-JLFET-based 1T-DRAM at temperatures of 300 K and 358 K. 
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Figure 3. Transient characteristics of the GAA-JLFET-based 1T-DRAMs with different body materials at the temperature of 300 K. The read/hold/write operation time is 10 ns. 
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Figure 4. (a) A schematic diagram and (b) the energy band diagram for the write ‘1’ operation. VG_P and VD_P are −1.0 V and 1.5 V, respectively. 
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Figure 5. (a) A schematic diagram and (b) the energy band diagram for the write ‘0’ operation. VG_E and VD_E are 1.0 V and −1.5 V, respectively. 
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Figure 6. (a) A schematic diagram and (b) the energy band diagrams for the read ‘1’ and ‘0’ operations. Simulated results for (c) the hole density distribution and (d) the electron density distribution for the read ‘1’ and ‘0’ operations are also provided. VG_R and VD_R are 0.7 V and 0.1 V, respectively. 
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Figure 7. Read currents IR1 and IR0 as functions of VG_R at the temperature of 300 K. 
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Figure 8. (a) Read currents IR1 and IR0 as functions of hold time at the temperatures of 300 K and 358 K. (b) The energy band diagrams for the hold operation at (b) ‘1’ and (c) ‘0’ states are also provided. The VG_H and VD_H are both at 0 V. 
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Figure 9. (a) Comparison of sensing margins as functions of hold time between 1T-DRAMs with Si and SiGe body at temperatures of 300 K and 358 K. (b) Recombination rates in 1T-DRAMs with Si and SiGe body for the hold operation at the ‘1’ state (hold time = 10 ns) and temperatures of 300 K. 
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Figure 10. Effects of Ge content in the SiGe body on sensing margins and retention times of the 1T-DRAMs at a temperature of 358 K. 
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Table 1. Bias conditions for memory operations.
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	Operation
	Write ‘1’
	Write ‘0’
	Read
	Hold





	Gate Voltage (VG) [V]
	−1.0
	1.0
	0.7
	0



	Drain Voltage

(VD) [V]
	1.5
	−1.5
	0.1
	0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Electron Potential Energy [eV]

°
o

°
°

&
o

o

Depletion Region

= S——

@

Potential Barrier ——Read 0"
Lowering

Source Drain

TV, V, =04V

0 50 100 150 200
Relative Location [nm]

(b)





media/file4.png
Electron Potential Energy [eV]

O = -
g O O

I
& ©
() | o

-1.0

[
—
() |

- Body Material V. .=0V,V =0V’

’ " DS

50 100 150 200
Relative Location [nm]

o

(b)





media/file18.png
4

LJ 1-- 1III 1-- 1-- 1‘.. 1-- 1-. 1- ]II ]- 1-.

—s=—"1' State
—eo—'()' State

01V

|
&,
(a}

LR r-- r-- r-- r-ll r-- 'l rll rll rll rll r

Sensing Margin
1.74 x 10°

i ]
QO
-

(Lo 0 o N <r (L=}
' i -— - —

1.0

0.8

0.6
VG_R [V]

0.4

0.2

-
o

© © o o o o
- ™ v

11

[wripy] () yuasing peay





media/file21.jpg
[wrinyd] (V) uibiew Buisuss

® 107 10° 10° 10* 10% 107 10

300K —e— ——

Body SiGe Si
02| 358K —— ——

10

EI

[wiipgri] () uiBaey Buisueg

.3

.0

Hold Time [s]

(@

Drain
Body
Source

Recombination

Ralo ems]
102
100
101
10

(b)





media/file22.png
=
o

A =
- N

Sensing Margin (Al ) [nA/um]
o
o

S
>

i

o

3
w

L

.

 Body SiGe Si

300 K —o— —=—
- 358 K —o— —o—

-
o

Hold Time [s]

Drain

Body

Source

(a)

(b)

Recombination
Rate [cm3s1]

1 023

1019

1015

1013

Sensing Margin (Al.) [pPA/um]





media/file14.jpg
Drain

Drain

Body Hole Density [em ) Body Electron Density [em]
s.oxioH 5.0x10%
175107 175207
63x10 6ax10%
22x104 22x104

Source: 7.9x10" Source: 7.9%10%
80 28x10
L0103 10x100

(<) (d)





media/file19.jpg
Electron Potential Energy [eV]

=
3

Read Current (1) [nA/um]
o o
[ S

t

“10° 107 10° 10° 10* 10° 10
Hold Time [s]

0.0

—a—Read "'
0.6 | ——Read 0’

Temperature = 300K Temperature = 368 K
—e—Read 1"
——Read 0"

% 10"

Relative Location [nm]

(b)

Relative Location [nm]

©

@
10, E 15,
iHole | 3 +: Hole
05 gt
00) g o Body
Body £ 00
05| Source " H ;
Drain S osf Source ‘e Drain
5, o
o8 o 1 0 % w0 w0 2





media/file7.jpg
3 .

— T T
E_ Body Material Temperature = 300 K
< SiGe Hold Time = 10 ns.
E Py si ]
2

-~ Read 1"
-
§ 1+ /Sensing Margin (Al,) 4
l:-, Write 1" .39 pA/pm

' 5
= o ozt Hotd - Holdwnlte Qhotd ;-{--
R {
g Initial Read, ) | Read'0

0 20 40 60 80

Transient Time [ns]





media/file10.png
W -
@F@ﬁ@ % 2 T T T v
g 1- +: Hole
] = T Body 3
1 = i |
+ E 0 + + + + + + 3
I i) +
i € | Source
] g 1 * _
1 o Band-to-Band
| = 1 Tunneling (BTBT
1 o -2r Drain -
5 |V, =1V, V, =15V
2 3 1 " 1 & 1 &
=0 50 100 150 200

Relative Location [nm]

(a) (b)





media/file15.png
Electron Potential Energy [eV]

Depletion Region

Channel Width

o
3

o
o
T

S
(&)

-
o

(a)
Pc;tentilal Ba'rrier' ' Re:;ld '0"
- Lowering ---- Read ""-
E = Ao-----F------
C -
Body
- Source Drain

E /ﬂ.---_--.\
v =
V —07V 174 —01V

S » R

0

50 200
Relative Locatlon [nm]

(b)





media/file11.jpg
]

5

Drain

&

B

V,, =10V,V, =15V

Electron Potential Energy [eV]
S

~o 50 100 150 200
Relative Location [nm]

(a) (b)





media/file6.png
Drain Current (/__) [A/um]
o

e I
© o

Gate-to-Source Voltage (V_,) [V]

I Temperature !
] 300 K |
{ ----- 358 K :
e Vos =01V i
[ 1
] 1
] 1
[ 1
[ 1
! 4 1
r—— i
F— , 1
0.0 0.2 1.0





media/file2.jpg
Electron Potential Energy [eV]

o A -
e o o

S o
o o

NN
»m o
=)

50 100 150 200
Relative Location [nm]

(b)





nav.xhtml


  electronics-09-02134


  
    		
      electronics-09-02134
    


  




  





media/file16.png
Drain

Drain
Body Hole Density [cm3] Body Electron Density [cm-3]
5.0x10'8 5.0x10'8
1.7x10% 1.7 %107
6.3x10% 6.3x10%°
2.2x10% 2.2x10%
Source 7.9x1012 Source 7.9%x1012
2.8x 101 2.8x10!
1.0x10%° 1.0x10%0

(c) (d)





media/file20.png
(] —
()] o

Electron Potential Energy [eV]
o
o

&
o

Temperature 300 K Tem perature 358 K
[ —&— Read '1' —&— Read '1'
06— Read '0’ —_—Read '0' i

Read Current (/) [nA/um]
o
=

0.2} -
-8 -7 -6 -5 -3 -2 -1
10 1 0 1 0 1 0 1 0 1 0" 10" 10
Hold Time [s]
(a)
. . . S 1.5 : ; : : : :
- L .
+: Hole _ > 10l +: Hole |
g . .
] "'_c: b Body
Rty S 0.0k :
Source Drain - 2 i = 1
= SeN B9 _ S 95| Source Drain
_ = : .
O 1.0F -
VGH—OV,VDH—OV ° I
3 [l M [l M 2 _1 5 = & o [l "
50 100 150 200 &% 50 100 150 200
Relative Location [nm] Relative Location [nm]

(b) (c)





media/file23.jpg
£ 35 r . e . r

= Temperature = 358 K
< 30 P

525

3

220

£

515

<

sl ol ™ .
10° 10* 10° 10°
Hold Time [s]

10°





media/file5.jpg
Temperature
300 K

00 02 04 06 038
Gate-to-Source Voltage (V) [V]

1.0





media/file24.png
Sensing Margin (Al_,) [nA/um]

= = N N W

Hold Time [s]

5 , - w—T—rrrrey - —r—rrrrm

0 Temperature = 358 K

5 '.Ge content in SiGe i
- —a— (.1

-0 e 0.2 7.7 ms )

5 -+ 0-3 ..... ]
 —v—0.4

oF . i

5 i 16.5 ms>4

Bl 22.0 msi“""“"k.._

.0 :

10° 10" 10° 10° 10® 10° 10° 10

-1





media/file1.jpg
Gate )
Dielectric | Prain
< wsi

L undertap
Body

n Sig5Geys L¢

(a)





media/file12.png
Drain §

(a)

Electron Potential Energy [eV]

1.5

1.0

0.5

b

V, . =10V,V, =15V

G_E

50 100 150
Relative Location [nm]

200

(b)





media/file3.png
R

e 5
Gate
Dielectric

(" Drain = -
L

Gate underlap

~

Drain

Dielectric
Body
n- Siy 3Geg, L G

Source
n* Si

(a)





media/file9.jpg
Band-to-Band
Tunneling (BT

AV,Y,, =15V

Electron Potential Energy [eV]

0 50 100 150 200
Relative Location [nm]

(a) (b)





media/file0.png





media/file8.png
w

o

Drain Current (/_.) [wA/um]

N
T

—
1

Initial. ReadI

Body Material Temperature = 300 K
SiGe Hold Time=10ns |
----- Si |
Read '1'

/Sensing Margin (Al ) -
Write '1' = 0.39 pA/pum

0

20 40 60 80
Transient Time [ns]





media/file17.jpg
Sensing Margin
=174x10°

—=—'1" State
—e—'0" State

Read Current (1) [A/um]
S

00 02 04 06 08 1.0
VeV






