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Abstract: The  temperature  characteristics  of  the  read  current  of  the  NOR  embedded  flash  memory  with  a  1.5T-per-cell  struc-
ture are theoretically analyzed and experimentally verified. We verify that for a cell programmed with a “10” state, the read cur-
rent  is  either  increasing,  decreasing,  or  invariable  with  the  temperature,  essentially  depending  on  the  reading  overdrive
voltage of the selected bitcell, or its programming strength. By precisely controlling the programming strength and thus manipu-
lating  its  temperature  coefficient,  we  propose  a  new  setting  method  for  the  reference  cells  that  programs  each  of  reference
cells to a charge state with a temperature coefficient closely tracking tail data cells, thereby solving the current coefficient mis-
match and improving the read window.
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 1.  Introduction

Flash is the most widely-used nonvolatile memory techno-
logy and is used in electronic devices, smart cards, and micro-
controllers  to  store  data  with  high  efficiency  and  reliability.
Compared  to  EEPROM,  which  has  a  two-transistor-per-cell
structure,  the  split  gate  flash  memory  with  a  1.5-transistor-
per-cell  structure  can  store  more  data  with  less  space  and
can  erase  data  in  blocks  instead  of  in  bytes,  thus  improving
storage  density  and  also  operation  efficiency,  and  enhancing
integration.

The basic cell structure of the flash memory is just a MOS-
FET  with  an  extra  gate  trapping  and  de-trapping  electrons,
thus  manipulating  its  threshold  voltage  to  store  information.
Like  MOSFET,  the  flash  cell  working  performance  is  suscept-
ible to temperature variation, which results from the depend-
ence  of  the  drain–source  current  on  temperature.  This
thermal-induced  effect  can  sometimes  be  useful,  such  as  in
designing  temperature  sensors  or  temperature  memories[1],
but  in  most  cases  of  flash  applications,  this  thermal  effect  is
considered undesirable because it gives bad working perform-
ances  and  various  reliability  issues[2−4].  Many  methods  have
been  proposed  to  avoid  the  temperature  effect,  such  as
adding  extra  peripheral  circuits  providing  temperature  bias
control  signals  to improve  voltage  distribution[5, 6],  using
dummy  cells  as  references  to  compensate  for  the  temperat-
ure  effect  of  current[7, 8],  or  resorting  to  complicated  al-
gorithms[9].  However,  these  methods  consume  much  power
and  area  and  reduce  storage  capacity.  We  can  make  use  of
the adjustable threshold voltage of the stacked gate memory
itself to avoid this temperature effect, and this temperature ef-
fect can be very useful in memory arrays under proper suppres-
sion and precise control.

In  this  paper,  we  propose  a  new  preprogramming  com-
pensation  method  to  suppress  and  control  the  temperature
drift  of  the read current in flash memory.  The new method is
based on the compensation of the dependence of carrier mo-
bility  and  threshold  voltage  on  temperature.  Moreover,  we
also  briefly  introduce  its  applications  in  a  reference  cell.  This
paper  is  organized  as  follows.  We  first  give  a  brief  introduc-
tion of the structure of the flash cell that is used in the experi-
ment.  The  physics  theory  and  the  results  of  the  experiment
are then discussed and analyzed, which is followed by the in-
troduction of the proposed reference cells. Finally, we summar-
ize and draw a conclusion.

 2.  Cell structure and operations

The  experiment  is  conducted  on  a  split  gate  flash
memory  that  is  fabricated  on  the  90  nm  self-aligned  process
platform of Huahong Grace Semiconductor Manufacturing Cor-
poration (HHGrace),  as  shown  in Fig.  1.  It  has  a  2-bit  per  cell
symmetric structure with two floating gates (FGs) to store the
information,  two  bitlines  (BLs)  and  one  wordline  (WL)  to  loc-
ate  a  single  cell  in  a  flash  array,  and  two  control  gates  (CGs)
to  assist  programming.  Essentially,  the  structure  of  this  cell
can be viewed as three sub-transistors  (two bitcell  transistors
and one WL transistor) that are connected in series, which re-
spectively  control  the  channel  beneath  each  of  them.  This
new cell  inherits the high program efficiency character of the
conventional  split-gate  device  and  fast  erase  is  achieved  by
poly-to-poly  FN  tunneling[10].  Compared  to  the  conventional
structure, it has a smaller unit area, and higher operation effi-
ciency and reliability.

The  process  of  injecting  the  electrons  into  FG  to  in-
crease  the  threshold  voltage  is  called  programming,  and  re-
pelling electrons from FG is called erasing. For this cell, the pro-
gramming  operation  is  done  by  applying  higher  bias  (~9  V)
on  CGs  to  boost  source  side  hot  electrons  injecting  into  the
FG.  Erasing  is  done  by  biasing  CGs  with  a  negative  voltage
(~–7.8  V)  and  WL  with  a  much  higher  voltage  (~8.3  V)  to
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boost electrons tunneling from FG to WL. We assign the state
of  “1”  to  the  erased  cells,  and  “0”  to  the  programmed  cells.
Due  to  the  injection  of  the  electrons,  a  programmed  cell  has
a higher threshold voltage, and thus a lower drain-source cur-
rent  under  the  same  gate–source  voltage  bias  than  that  of
those unprogrammed ones.

When  reading  a  selected  cell,  a  high  voltage  bias  should
be  applied  on  its  WL  to  open  the  channel  beneath  it.  Thus,
the  drain–source  current  of  a  memory  cell  is  dominated  by
the  minimum  difference  between  CG  voltage  and  threshold
voltage.  Since  the  threshold  voltage  of  a  memory  cell  de-
pends  on  the  programming  state,  we  can  read  the  informa-
tion  (“0”  or  “1”)  stored  in  the  cell  by  comparing  its  drain-
source current to a reference value.  As is  shown in Fig.  2,  the
device utilizes a reverse-read scheme[11].

When analyzing the properties of a certain bitcell  of two,
we  add  a  binary  subscript  on  this  property  to  indicate  which
one  was  referenced,  such  as  “Vt01”,  which  is  the  threshold
voltage  of  the  right-hand  bitcell;  and  “Ir10”,  which  is  the  read
current  of  the  left-hand  bitcell.  In  addition,  the  threshold
voltage of  a  programmed bitcell  is  denoted by “Vtp”,  and the
threshold voltage for an erased bitcell is denoted by “Vte”. For
the  same  bit  pair,  there  is  a  slight  difference  between  the
voltage  and  current  that  it  represents.  Take  “10”  as  an  ex-
ample,  “Vt10”  denotes  exactly  the  threshold  voltage  of  the
left-hand bitcell  transistor,  which is  irrelevant  to  the WL tran-
sistor and the right-hand bitcell transistor. However, “Ir10” rep-
resents  the  current  that  we  can  measure  when  reading  the
left-hand  bitcell,  and  its  value  may  vary  with  one  of  these

three  sub-transistors  which  has  the  minimum  overdrive
voltage. No matter which bitcell is read, since there is no junc-
tion implanted under WL,  the current  that  we measure is  the
drain–source  current  of  the  entire  device,  which  flows  from
one  BL  to  the  other.  The  difference  is  the  bias  voltage  ap-
plied on the CGs of different bitcells, which is shown in Table 1.

 3.  Theory and experiment

 3.1.  Physical theory

The read current of a flash cell is given by: 

ID = μCox
W
L
[(VGS − VTH) VDS −



VDS] , (1)

μ Cox
VGS

VDS
VTH

where , , and W/L are the parameters of the intrinsic char-
acteristics of the device and are irrelevant to reading.  and

 are the voltage put on CG and same-side bitline,  respect-
ively.  is the threshold voltage of the floating-gate transist-
or,  and  has  the  negative  coefficient  with  the  temperature
as[12−14]: 

VTH = VTH + αvt (T − T) , αvt =
∂VTH
∂T

< , (2)

μwhere  is the mobility of the carriers, and is also negatively re-
lated to temperature： 

μ = μ( TT )αμ , αμ =
∂μ
∂T

< . (3)

Therefore, the drain current has a zero-temperature coeffi-
cient  (ZTC),  where  the  current  variation  induced  by  mobility
and  threshold  voltage  with  respect  to  temperature  can  be
totally compensated, thus maintaining the current stable at a
certain value.

VDS ≪  (VGS − VTH)For  the  cell  used  in  this  experiment, ,
so 

∂ID
∂T

=
∂μ
∂T

Cox
W
L
[(VGS − VTH) VDS] − μCox

W
L
[∂VTH

∂T
VDS] (4)

 

= Cox
W
L
VDS [αμ (VGS − VTH) − μαvt] . (5)

Moreover, the mobility also decreases with increasing over-
drive voltage as: 

μeff =
μ[ + θCox (VGS − VTH)
κsjε

] , (6)

θwhere  is an empirical positive parameter found to be techno-
logically  and substrate-bias  dependent.  Eqs.  (5)  and (6)  indic-
ate that the temperature coefficient is not a constant but var-
ies with the mobility and threshold voltage. If the mobility vari-
ation dominates this trend, then the drain–source current will

Table 1.   Reading operations of this split gate flash memory cell.

Bitcell CG1 (V) CG2 (V)
WL (V)

BL1 (V) BL2 (V)
Sel Unsel

Bit1(Ir10) 0 5.4
4.2 0

0 0.5
Bit2(Ir01) 5.4 0 0.5 0

 

Fig. 1. The cross-section of the flash cell structure.

 

Fig.  2.  (Color  online)  The cell  schematic  of  reading and subscript  de-
notation.
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decrease  with  increasing  temperature;  if  the  threshold  vari-
ation dominates, then the current will be positively related to
the temperature.  Therefore,  by controlling dopants or  adjust-
ing  bias  voltage,  the  effect  of  temperature  on  mobility  and
threshold  can  be  partly  or  even  completely  canceled,  which
can be used to  adjust  the temperature  coefficient  of  the cur-
rent as required.

∂ID
∂T = Specifically, by setting , we can derive that

 

αμ

αvt
=

μ
VGS − VTH

. (7)

VGS − VTH

This implies that with a proper value of overdrive voltage
, the temperature coefficient can be close to zero. In

other  words,  the temperature  coefficient  can be set  precisely
by controlling the overdrive voltage.

 3.2.  Experiment and results

In  the  experiment,  all  bitcells  are  first  initialized  with  the
threshold voltage Vtp = 2.30 V and Vte = –8 V at room temperat-
ure,  and Vcg1 =  0  V.  By  first  adjusting the  voltage of  CG2 and
then programming different cell samples with different condi-
tions  (e.g.,  time,  bias  voltage,  temperature,  etc.),  we  success-
fully  set  up  cells  with  different  temperature  coefficients,  thus
verifying the variation of current with temperature. We determ-
ine  the  overdrive  voltage  of  reference  cells  in  three  steps.
First,  we measure the read current of  the tail  cells  under nor-
mal  stressed  voltage  and  we  then  calculate  the  temperature
coefficients  by  analyzing  the  data  obtained  by  the  variable
temperature  test.  Second,  we  select  the  memory  cells  loc-
ated on different dies and group them, each group correspond-
ing  to  the  different  read  voltage.  We  then  put  them  through
the variable temperature test  to find those test  cells  with the
same  temperature  coefficients  as  the  tail  cells  and  measure
their  thresholds.  Finally,  we  can  get  the  overdrive  voltage  by
subtracting  the  threshold  voltage  from  the  applied  gate
voltage.  Furthermore,  we  verified  the  existence  of  the  ZTC
point  and  controllability  of  the  temperature  coefficients  in
the flash memory cells. The results are shown in Fig. 3.

The current Ir10 for a constant Vtp and different Vcg2 in dif-
ferent  temperatures  are  tested,  as  illustrated  in Fig.  3.  As  the
control gate voltage increases from 3 to 5 V, the read current

−αvt

αμ

αμ

αvt αvt

αμ

first increases and then decreases with the increasing temper-
ature,  indicating  two  different  variation  intervals  dominated
by  mobility  and  threshold  variation  respectively.  When Vcg =
3  V,  the  current  increases  with  temperature,  i.e.,  domin-
ates  this  trend more than  in  formula  (5).  As Vcg2 increases,
the  coefficient  of  item  (i.e., VGS – VTH)  increases,  and  at  the
time, the increased Vcg2 decreases the mobility (μ),  the coeffi-
cient  of .  Both  effects  weaken  the  role  of  and
strengthen  the  role  of ,  and  thus  the  current  decreases
with  the  increasing  temperature  as Vcg increases  to  5  V.  Spe-
cifically,  at  about Vcg2 =  3.9  V,  the  variation  of  threshold  and
mobility to the temperature can be compensated,  as formula
(7) indicates. And the read current shows an insensitive charac-
teristic to the temperature, exhibiting a ZTC point, which is il-
lustrated in Fig. 4.

Since  the  threshold  voltage  is  initialized  to  2.30  V,  we
now  find  that  the  overdrive  voltage  (i.e.,  the  voltage  differ-
ence between CG2 and threshold) is  approximately 1.6 V.  Ac-
cording to formula (6),  we reset Vcg2 = 5.4 V and change Vth01

by  pre-programming  with  different  times.  The  longer  time  a
cell  is  pre-programmed,  the  higher  the  threshold  voltage
(Vtp)  is.  Thus,  we  got  another  set  of  curves  of  current,  as
shown  in Fig.  5.  It  can  be  clearly  found  that  at  the  point

 

Fig. 3. (Color online) Read current in different temperatures with pro-
posed programming condition (Vtp = 2.30 V, Vte = –8 V at 25 °C) .

 

Fig. 4. (Color online) Zero temperature coefficient point of the read cur-
rent.

 

Fig. 5. (Color online) Current in different temperature with fixed CG bi-
as (Vcg2 = 5.4 V) and different threshold voltage (Vtp01).
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where Vtp = 3.82 V at 25 °C, the threshold voltage and mobil-
ity  decrease  proportionally  and  compensate  for  each  other.
Thus,  the  read  current  exhibits  insensitivity  to  the  temperat-
ure,  which is  consistent with our earlier  hypothesis.  However,
the  current  exhibits  a  little  fluctuation  because  the  threshold
itself varies with the temperature.

 4.  Applications

Our experiment and analysis have suggested that the tem-
perature  characteristic  can  be  used  in  setting  the  reference
cell  in flash memory. As shown in Fig. 6,  a flash array consists
of  three  types  of  cells  with  the  same  structure:  memory  cells
to store information, reference cells to generate current refer-
ence, and dummy cells which share the same WLs of BLs with
reference  cells.  Dummy  cells  cannot  be  read,  and  there  are
no contact formed in the process loop to connect them. They
can  create  the  same  layout  environment  for  cells  on  both
sides  as  other  cells,  and  thus  avoiding  mismatches  due  to
stress  and  other  reasons  that  may  affect  the  accuracy  of  the
results.  The  current  generated  by  reference  cells  will  be  read
separately,  replicated  and  allocated  proportionally  by  cur-
rent  mirrors  to  the  memory  cells  as  a  comparison  criterion
and  tolerance  margin  to  differ  “0”  from  “1”.  Unlike  normal
memory  cells,  reference  cells  have  fixed  threshold  voltage
between  the  ‘0’  state  and  the  ‘1’  state  that  are  pre-pro-
grammed  once  they  are  produced,  thereby  exhibiting  fixed
drain–source  current  under  certain  bias  condition.  In  addi-
tion, to make sure they can provide an absolutely standard cur-
rent  to  assist  reading  operations,  they  don’t  suffer  from  the
P/E cycles test, which is mandatory for normal memory cells.

P/E  cycles  in  endurance  tests  will  bring  some  bitcells  in-
to  a  small  current  region  due  to  oxide  degradation  and
trapped charge.  These  bits  (hereinafter  called  tail  bits)  have
much  smaller  temperature  coefficients  and  are  less  sensitive

to  the  temperature  variation  than  normal  cells.  A  cell  with  a
“10”  state  is  taken  as  an  example  and  depicted  in Fig.  7.  Al-
though  they  are  less  sensitive  compared  with  the  normal
cells, the tail bitcells exhibit a slightly left shift with the increas-
ing  temperature,  induced  by  the  aforementioned  temperat-
ure  coefficient  variation  of  a  “0”  bitcell.  However,  the  refer-
ence  cells  free  of  endurance  tests  don’t  exhibit  this  shift.
Thus,  for these tail  bits near the margin boundary,  since their
temperature  coefficient  is  much  smaller  than  that  of  refer-
ence cells,  the subsequent  temperature  variation test  will  ex-
pel  them  from  the  correct  reading  identification  region,
which  gives  us  the  wrong  reading  data.  In  the  manufactur-
ing  process,  these  tail  bits  can  not  maintain  accuracy  in  the
whole temperature interval and will  fail  the temperature test,
eventually leading to yield loss.

This  problem  can  be  solved  by  pre-setting  the  reference
cells  with  same  temperature  coefficients  as  those  of  low  cur-
rent  cells,  which  is  used  to  adjust  the  pre-programmed
strength  of  each  reference  cell  (as  mentioned  earlier).  In  this
way,  the  reference  level  and  margin  generated  by  reference
cells  can  track  tail  bits  synchronously,  as  shown  in Fig.  8,
where  the  dotted  straight  lines  represent  the  margin  bound-

 

Fig. 6. (Color online) Memory cells in the NOR flash memory array.

 

Fig. 7. (Color online) Sample current distribution and current shift due
to endurance cycling.

 

Fig. 8. (Color online) A tail-bit tracking reference cell current distribu-
tion.
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ary of the reference at three temperature conditions. This ap-
proach  effectively  avoids  misjudgments  and  significantly  im-
proves yield and endurance performance.

 5.  Conclusion

In this paper, a new cell structure with temperature-insens-
itive  reading  is  introduced.  It  is  designed  based  on  the  com-
pensation  of  mobility  and  threshold  voltage  variation  to  the
temperature when the read current is  low.  It  can offer  an ad-
justable  temperature  coefficient  without  the  complex  al-
gorithm  or  extra  temperature  sensors,  and  is  thus  capable  of
acting as the reference cell of flash memory. By increasing pro-
gramming  time  to  increase  or  tune  control  gate  voltage,  the
temperature  coefficient  of  reference  cells  can  be  set  to  be
equal  to  that  of  those  temperature-insensitive  tail  bits  with
small  currents,  thus  compensating  for  the  endurance  test
shift and tracking tail bits in temperature tests to improve pre-
cision and yield.
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