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ABSTRACT

The embedded-DRAM testing mixes-up-the techniques used for DRAMdest
and SRAM testing since an embpedded-DRAM core combines DRAM wéth
an SRAM interface (the so-called 1T-SRAM architecture). In thisithege first
present our test algorithm for embedded-DRAM testing. A theoretinalysis
to the leakage mechanisms of a switch transistor is also provided] basthat
we can test the embedded-DRAM at a higher temperature to redutetdhéest
time and maintain the same retention-fault coverage. The expetatresults are

collected based on 1-lot wafers with an 16Mb embedded DRAM.core
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I. INTRODUCTION

Due to the advantages of high density, structure simplicity, low-poaesemp-
tion, and low cost, DRAM has been the mainstream of the commaoaiggrory
market since its invention by Dr. Dennard [1]. With the continuallgvgng need
to an effective and economic embedded-memory core in the Sq@esearchers
attempt to carry DRAM'’s advantages from a commodity memory mtSoC.

In the past decade, a lot research effort has been put into thedeletd-DRAM
(eDRAM ) technologies, such as deep-trench capacitor with bottle etch Ejapl
capacitor [3] [4], shallow trench capacitor [4], and metal-insutatetal (MIM)
capacitor [3] [5], to reduce the process adders to the CMOS gspeehere the
eDRAM is embedded in. The eDRAM technologies are now available inGhe
foundry industry [6][7] and its application includes the products dimoeking,
multimedia handheld devices,\gamingconsoles, high definition tedegisand so
forth.

Unlike integrating a bare DRAM 'die"within a system-in-package oaekpged
DRAM on a system board, where the responsibility of testing the comgnodit
DRAM itself is on the memory design company, the responsibility sfitg the
eDRAM is transferred to the system integrator. Testing embeddedsmyerores
has been a big challenge for SoC testing due to the difficulty of tesitisol
and test accessibility [8]. By reducing the tester requiremedt earabling the
parallel testing of different memory cores, memory built-itf-sest (BIST) circuit
iIs seemed to be the best solution to the embedded memory testing inacomm
consensus today [9][10][11]. Several BIST schemes aregsexgpfor the embedded
DRAM testing [12][13][14] [15]. However, these previous weninainly focus on
the architecture and the automatic generation of the BIST circuiaw. discus-
sions on the test algorithms and the test-time overhead resultedtieratention
test can be found in the literature for the eDRAM testing.

The classical DRAM testing contains two main steps: the functional tebt a



the retention test. In the functional test, each functionality of DRé#lls and
DRAM'’s peripheral circuitry are verified. In the retention test, weathehether
the data retention time, which is in the order of milliseconds, of daBiAM
cell can meet its specification. An industrial test set for DRAM'sdtional test
requires a series of different test algorithms to ensure its completgidnality
and coverage [16]. Those algorithms include checkerboard, s&ldenplement,
March, row/column disturb, self-refresh, XMOVI, butterfly, edq@plying all of the
above test algorithms is time-consuming, thus commodity-DRAMngdsteavily
relies on the parallel testing capability provided by the memory testeshorten
the average test time of each DRAM chip. In fact, the architectwlduanrctions of
most current eDRAM cores use the interface of SRAM (1T-SRAM is&cture),
which consists of no address multiplexer and can auto-refreshsiampler than
commodity-DRAM. Therefore testing the funetionality of eDRAM is simpihan
that of commodity DRAM, and hence requires only a shorter testidtgo.
However, testing eDRAM isnot completely the same as testing SRAMIyAgp
only the SRAM test algorithm for'eDRAM testing is not sufficient due he t
following reasons. First, testing eDRAM 'needs to consider word-dioepling
faults and bit-line toggling faults, but testing SRAM does not. It iséese the
power/ground shielding technique is commonly used in modern SKH&signs to
eliminate the signal disturbance between word-lines or bit-lingsgDRAM does
not have this mechanism. Second, the eDRAM has the functionalitytofrafresh
and self-refresh but SRAM does not. Similar to DRAM, eDRAM neecesi the
retention time, which takes a significant portion of the overall AlRest time.
The specification of eDRAM’s data-retention time is a constant. As altres
the ratio of this retention test time over the eDRAM test time increagemn
the clock frequency of the eDRAM increases. It implies that the tietetiest
time may dominate the eDRAM test time for high-performance eDRAgdigns.
The data-retention time of an eDRAM cell depends on the leakagert of the



switch transistor in the cell, which is sensitive to the temperaturgl&J Figure 1
shows that a transistor’s leakage current increases dramatia#iilthe increase
of temperature [18]. Therefore, by properly increasing the tespé&sature, the
retention test time can be significantly reduced.
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Fig. 1. Relation between] and V, associated with different temperatures [18].

In this thesis, we would like to share the experience obtained frotimgean
industrial eDRAM core. We first discuss the test algorithms usethivreDRAM
testing and compare the corresponding yields of different testitigns through
wafer-test results. We then analyze the test time of eDRAM retentgiratel its
ratio to total eDRAM test time. Next, we study the leakage mechamsgmswitch
transistor and theoretically compute the leakage-charge dgnoabetween dif-
ferent temperatures. Based on this leakage-charge equivalgaaan obtain the
equivalent retention time used for retention test at differenparatures. We also
report the test-time reduction by increasing tester’s temperahde/aidate the
equivalent retention-fault coverage through wafer-testltesall reported wafer-
test results are collected from 1-lot test wafers. The remaiointpis paper is
organized as follows. Section Il first introduces the embedded RAchitecture
in use. Section Ill presents a reduced, effective test algorithmne@RAM. Sec-
tion IV discusses the leakage mechanism of a switch transistorraaigzas the
retention-test time at different temperatures. The conclusigivé in Section V.



Il. OVERVIEW OF EMBEDDED DRAM

Figure 2 shows the block diagram of the 16Mb eDRAM core on ourdieigis.
We will use this eDRAM core as the target instance throughout theofetis
paper. This eDRAM core utilizes a 65nm low-leakage logic process sidgeof
the eDRAM core is around 4 miypwhich contains two symmetric eDRAM arrays
with 8Mb data on each. Each array contains 128 banks, and eakltbatains 64
word-lines and its own local sense amplifier (LSA). Each word-dineach array is
connected to 64 half-words, and the data-width of each half-wadté lEts. When
a word is accessed, its first 16 bits are contributed from the firstAdDRrray,
and its last 16 bits are from the second array. Note that the laypaltagy of the
eDRAM array utilizes the distributed folding scheme, whereithebit of the jth
word is adjacent to th&h bit of the (j+1)th.word, not theit1)th bit of the original
jth word. Between the two eDRAM arrays IS the address decoder inguebrd-
line drivers. The control circuit (ETL) and-global sense amplifi@BA) are on the
bottom of the eDRAM core.
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Fig. 2. Embedded-DRAM architecture.




The CTL controls all operations of eDRAM, including read, writef-sefresh,
auto-refresh, and any application-dependent operation suchsashode read/write
or byte read/write. After pre-charge and charge redistributioa, data is first
differentiated by LSA, then passed to GSA, and read out throughehd/write
path. The refresh operation in this eDRAM core can be finished by tisengSA
so that refreshing all the words on one word-line (64 words in togajires only
one cycle. Therefore, total 64x128 cycles are required for efresh operation.
When operating at 100 MHz, the bandwidth of this eDRAM core is 3.185 @2
bits x 100 MHz).

During the eDRAM testing, the data background written into or read fioen t
memory core should represent cell’s physical value instead of itsdbgalue.
Therefore, when designing the BIST  circuitry, we should considempthesical
layout of the word-oriented eDRAM array [19]. The technique oflrads and
data scrambling is commonly used in‘current memory designsvdaic optimize
memory’s layout geometry, address decoder, cell area, peafore, yield, and I/0
pin compatibility [19]. The forms of' scrambling include foldingldress decoder
scrambling, contact and well sharing, and bit-line twisting [19].

Figure 3 shows an exemplary scrambling used in current popula”A&DéRe-
signs, where the ordering of word-lines in this example are archageording to
the least significant bits of the address. With an SRAM interfad&AM utilizes
both bit-lines and bit-line-bars to distinguish the data value storeshiaDRAM
cell, but a cell’'s data is only connected to either one of the cooredipg bit-line
and bit-line-bar. In this example, each word-line connects to thd @ords. The
first word on a word line uses the Oth, 2nd, 4th, and 6th pairs of thknkitand
bit-line-bar, and the second word uses the 1st, 3rd, 5th, andafith. By proper
arrangement, half of eDRAM cells are connected to bit-line, and ther dithlf
to the bit-line-bar. This balances the capacitor of the data-lindsraproves the
efficiency of eDRAM. As a result, the physical value of those cells ected to



a bit-line-bar is inverse to their logical value. The bit-line twisting shaw the
middle of Figure 3 can reduce the coupling capacitance betweenttheeof a
cell and the bit-line-bar of the next cell [19]. Each bit-line twist éogiven column

reverses the physical-value/logical-value relation of the cells belowiviist.

blb0 bl0 blb1 bl1 blb2 bl2 blb3 bI3 blb4 bl4 blb5 blS blb6 bl blb7 bl7

Fig. 3. An exemplary array scrambling.

In the BIST circuitry, a scramble table maps the physical valuerdest in
the test algorithm to its corresponding logical value for a giaddress [19][20].
Those logical values then form the functional test patterns orat&gdaesponses
during testing. This scramble table can be implemented by a simpldetxgb
logic, whose inputs contains few least significant bits and mostfsignt bits
of an address. In addition, when performing Y-direction March atgorj the
sequence of the activated word-lines also needs to follow the phy&gakence,
not logical address sequence. Thus, the BIST requires andtlysicpl-address-
mapping circuitry to handle this address scrambling. For instdfigare 3 shows
a checkerboard background for cells’ physical values. To fill sudackground
with an X-direction March algorithm, the sequence of write operatiand the
corresponding functional inputs are listed in Table I.

6



write word on | functional

sequence| word-line | word-line input
1st 0101

1 0 2nd 1010
1st 1010

2 2 2nd 1111
1st 1111

3 1 2nd 0000
1st 0000

4 3 2nd 1010
1st 1010

5 4 2nd 0101
1st 0101

6 6 2nd 0000
1st 0000

7 5 2nd 1111
1st 1111

8 7 2nd 0101

TABLE'1
WRITE-OPERATION SEQUENCE:AND CORRESPONDING FUNCTIONAL INPUTS RO
FILLING THE CHECKERBOARD BACKGROUND INFIGURE 3.



. THE EDRAM TEST APPROACH

A. Current SRAM Test Approach

In this section, we use the March C- algorithm as the basic skeletaurof
eDRAM-testing algorithm. March C- algorithm is currently the mostiely used
test algorithm for SRAM in industry, which can detect stuck-at fa(8&Fs), tran-
sition faults (TFs), address decoder faults (AFs), inversiampbiong faults (CFins),
idempotent coupling faults (CFids), and state coupling faults (CHR$t)Helow
shows the element sequence of the March C- algorithm. The corypleixthe
March C- algorithm is 10N, where N is the density of the array.

March C- (10N):
{(wa);:fr(ra,wb) 1 (rb,wa)il(raswb) i (rbswa) i(ra)}

The notations are defined as follows.
{: address direction do not care

{): address increase

|l: address decrease

a: data background

b: complement background

r: read

W: write

B. Embedded-DRAM Test Strategies

Even though the interface of our eDRAM is the same as that of SR&ddlying
only the SRAM test algorithm for eDRAM testing is not sufficient. THere, on
top of this March C- algorithm, we need to add more elements to coedhatlits
which may not be considered in current SRAM testing but should bsidered

8



in the eDRAM testing, such as data-retention faults, word-line cogéialts, bit-

line toggling faults, and stuck-open faults. We also need to testutietionality

which eDRAM has but SRAM does not, such as auto-refresh andededish. In
the following subsections, we provide the corresponding teatesty for each of
the above uncovered faults and functions in the March C- algorithm.

1) Auto-Refresh and Self-Refresuto-fresh and self-refresh are two functional-
ities which eDRAM has but SRAM does not. When the auto-refresitisated,
all eDRAM cells are refreshed after every period of retention-tipecsication.
When the self-refresh is activated, all eDRAM cells are refresimelthe retention-
time counter for auto-refresh is reset. Therefore, in the eDRASg, the auto-
refresh must be always on since the beginning and a self-refreshtam must be
performed right before a "ra” element and a "rb” element indialtiuto check the
correctness of refreshing both,”0” and ”"1".

2) Retention FaultsThe retention'faults are caused by the cells which can not hold
their charge for the specification-defined retention time. To testtretefaults, we
need to perform a self-refresh fellowed by a-delay element, whitlhdeiay the
next operation for the specification-defined retention time. At theestame that
the self-refresh is performed, the counter of the auto-refrestset. So after the
delay element ends, the data will be auto-refreshed again. Treadaperation is
performed to check if any retention fault occurs during the delay etenburing
this retention test, the checkerboard background shouldopked because this
background can exacerbate the leakage and help to catch a retentioiN e
that the checkerboard background here refers to data’s phyaloas, not logical
values. Also, we need to perform this retention test to both the datapmacid
and its complement.

3) Word-line-Coupling Faultsin modern SRAM designs, the power/ground shield-
ing technique is used to eliminate the signal disturbance betweenlinesdor
bit-lines, and hence we seldom consider the word-line-couplinigsfau SRAM



testing. However, for eDRAM design, such technique cannot Ipdiebdue to
its high-density requirement. In addition, the capacitive loading word-line in
eDRAM is relatively large because more words are connectedviord-line in
eDRAM than in SRAM. Word-lines are made of polysilicon that has mughdr
resistance than metal line. When a word-line is turned off too slowly t its
large RC delay, the voltage of the neighboring word-line might cooapecitively
a voltage to the original word-line, resulting in a wrong state on tigiral word-
line. In this case, a wrong data would be read from or write into this deh
cell’s data on the original word-line is different from that of its amjat word-
line, such a scenario is easier to happen and test by the cheake:timckground.
Therefore, to detect word-line-coupling faults, a Y-direction MAT&athm with
a checkerboard background may be utilized. The sequence of a MKybEthm

is shown as follows. Its complexity is 4N.

MATS (4N):
{T(wa);n(ra,wb);i(rb)}

Note that the Y-direction sequence refers to the physical worddatience,
not the logical address sequence. For example in Figure 3, trsecphword-line
sequenceis”™WLO, 2,1, 3,4,6,5, 7", not"WLO, 1, 2, 3, 4, 5,6, This address
scrambling in Y-direction needs to be considered in the BIST ttimcu

4) Bit-line Toggling Faults: Testing SRAM needs not consider the bit-line toggling
because of its power/ground shielding mechanism. A bit-line-toggént bccurs
when the bit-line or bit-line-bar of a cell is close to the bit-line or bielbar of
its adjacent cell, and these two adjacent lines have opposite datsv8ecause
of higher density, one cell’s bit-line or bit-line-bar is closer to its adjaIl’s
bit-line or bit-line-bar than that in SRAM, resulting higher prolyabf bit-line
toggling fault. In order to create this scenario for each pair ofajacells, we
need to perform the solid data-background because of the arrasnisiing as

10



shown in Figure 3. Therefore, the testing algorithm for eDRAM testirgdseo
cover bit-line-toggling faults, meaning that the proposed algaritfave to apply
the solid data-background.

5) Stuck-Open FaultsStuck-open fault$OB occurs when the resistance between
bit-line and switch transistor, switch transistor and storage ¢@mpaor storage
capacitor and ground is large. In this case, the data is hard to writeriné@ad out
from cells. Modern SRAM designs do not have this problem but soDfeAdM
cores do. SOFs can be detected at the same time as SAFs are detectdtlavhe
sense amplifier is transparent to stuck-open faults. It meanghtaecond element
in March C- algorithm, (ra, wb), can already detect the SOFs in #gs.cWhen the
sense amplifier is latch-based and thus not transparent to spserkfaults due to
the presence of the data latch, the test algorithm requires an elehfieraady write,
read) to detect the SOFs [1]. Fherefore, we change the sedemzt in March
C- algorithm from (ra, wb) tox(ra, whb; 1), which becomes the edéehMarch C-
algorithm.

C. Proposed Embedded-DRAM Test Approach

In this section, we summarize the test strategies discussed in Sé¢tibmho
form the final test approach for an eDRAM core. This test apgragiplies an
X-direction extended March C- algorithm with solid data-backgroasdvell as
a Y-direction MATS algorithm with checkerboard data-backgrowdo, we test
the self-refresh operation in the extended March C- algorithm andetieation
faults in the MATS algorithm. The auto-refresh is always on in bdgjo@thms.
The detail steps of the March C- and MATS algorithms are descabéddllows.

X-direction Extended March C- with solid background (11N):
{{(wa):fr(ra,wb,rb);(SR)y(rb,wa);|(ra,wb);}(rb,wa);(SR){(ra)}

Y-direction MATS with checkerboard background (4N):

11



{{(wa);SR;del(ra,wb);SR;dely(rb,wa)}

SR: self-refresh.
del: delay element which stops for the period of the retention time dkimie
specification.

The above X-direction extended March C- algorithm covers the stpek faults
by the element (ra,wb,rb). It also tests the functionality of selfestirand auto-
refresh. The above Y-direction MATS algorithm tests the word-line-togaults
by the Y-direction elements and checkerboard data-backdrdumlso tests the
retention faults by inserting the sequence of SR and del twicebitiime-toggling
faults are covered by the solid-background operations in the exteltérch C-
algorithm and the checkerboard-background, operations in ttiee€tion MATS
algorithm.

From coverage’s point of view, the two self-refresh operations iretttended
March C- algorithm seem redundant since two self-refresh dpasmare also
performed in the MATS algorithm ‘for. the retention test. However, wepkibe
first two self-refresh operations in our first tape-out to differaatihe detection
of self-retention faults from that of the data-retention faults.SEvo self-refresh
operations in the extended March C- algorithm can be furthervethto speed up
the test time if the diagnosis requirement is low.

D. Experimental Results

We apply the test set of the following three test approaches indiNydizathe
same eDRAM cores on 1-lot wafers through external testers, ndt 8i8uitry.

1. The proposed test approach

12



2. X-direction March C- with solid background plus
Y-direction MATS with CHK background

3. X-direction March C+ with solid background plus
Y-direction MATS with CHK background

The detail of March C+ (14N) is as follow:
{g(wa);fr(ra,wb,rb)y(rb,wa,ra)j(ra,wb,rb)i(rb,wa,ra)j(ra)}

The difference between proposed approach and the others isiokldreh algo-
rithms in use. Approach 2 uses the basic March algorithm descrilfgeiatmon 111-
A and approach 3 uses the default March algorithm generated by a emmaimn
memory-BIST tool,Memory BIST Architectur§21]. Note that we turn off the
retention test in this experiment to save its test time. The expetahessults
containing the retention test will be discussed later in the Section IV.

Table Il lists the yield of the above threetest approaches. @ygsed approach
and Approach 3 result in the same yield while the Approach 2 results igheth
yield. This result implies that only applying March C- may missaierfaults and
lead to higher test escape. The proposed approach can atigesame level of
fault coverage with Approach 3. However, the proposed ambramly requires
a 11N extended March C- algorithm but Approach 3 requires a 14NciM@&r-
algorithm. This result shows that the general SRAM algorithm,dAaZ- (10N),
cannot provide sufficient fault coverage, and the default Malgbrithm generated
by a commercial tool, March C+ (14N), is redundant in our eDRAMitey.

Test Approach| proposed| 2 3
yield (%) 96.9 97.8 | 96.9

TABLE Il
YIELD OF DIFFERENT TEST APPROACHES

13



E. Test Time Analysis for Proposed Test Approach

The total test time of the proposed test approdch.{ is the summation of the
test time on retention test’¢r), read/write operationg 1), self-refresh (sz),
and auto-refreshi{y ).

Tiest = Trr + Tryw + Tsr + Tar 1)
where
Trr = 2 X Ty (2)
Tryw = Nworps X Ngyw X TeveoLe (3)
Tsr = Nwrx NsrxTeyoLe (4)
Tap = Nwr X NagrxTcyoLe (5)

Tyer : time of.one-(del) element
Teyvere = cycle time
Nworps - humber-of-words
Ngyw : number of reads and writes
Nwi : number of word-lines
Ngr : number of self-refreshes
Nar : number of total auto-refreshes

Tye 1S €qual to the retention-time specification, avigy is equal to the runtime
divide by the specified retention time.

Table Il lists the test time spent in each component of the preghapproach,
given a 50MHz clock frequency and a 16ms retention-time specditaln this
case, the ratio of retention-test time to total test time is 16.5%.

In current eDRAM designs, the target clock frequency can be hitftaer the

50MHz used in Table Ill. Table IV shows the ratio of the retention-tesé to

total eDRAM-test time for different clock frequencies and diffiet retention-time

14



read &| self- | auto- retention
retention write | refresh| refresh total ratio
test time (ms 32 160 0.6 1.3 |193.9] 16.5%

TABLE

TEST TIME DISTRIBUTION OF THE PROPOSED TEST APPROACH

specifications. As the results show, the ratio of the retention-test ticreases
when the clock frequency increases, and gradually dominates the RRRAM-
test time. If the retention time is defined longer in the specificatiois, ri#tio
would be even higher. For the case that clock frequency is 200MH#e defined
retention time is 32ms, this retention-test-time ratio can be ap.t6¢. Therefore,
reducing the retention-test time can significantly reduce the totalAdDEeSt
time. In Section IV, we will attempt to increase the temperature to éuntbduce

the retention-test time.

retention | retention| clock total ratio of
time test rate test retention-test time
in spec. (ms)time (ms) (MHz){'time (ms)| to total test time

50 193.9 16.5%

16 32 100 1125 28.4%

200 72.2 44.3%

50 224.9 28.5%

32 64 100 144.3 44.4%

200 104.2 61.4%

TABLE IV

RATIO OF RETENTION-TEST TIME TO TOTAL TEST TIME WR.T. EACH
RETENTION-TIME SPECIFICATION AND CLOCK RATE

Another way to further reduce the total test time is to apply the burstemod
operation, if the eDRAM core supports, for a single-operation ddaglement,
such as the}(wa) and{(ra) in the extended March C- algorithm. However, this
reduction is still limited since most elements contain more thanaperations.

15



IV. REDUCING RETENTION-TEST TIME BY INCREASING
TEMPERATURE

For an eDRAM cell, its data-retention time is determined by the leakags of it
switch transistor, which increases along with the increase of thedeature. In the
eDRAM testing, we attempt to raise the temperature to increase ti@rsisakage
current, which shortens the data-retention time of a cell. There&tra, higher
temperature, the delay element used for retention test can hiéesppeborter since
a retention fault can be detected within a shorter period of time tharatithe
original reference temperature. However, if the new specifiehtion time is too
low, some retention faults may be able to escape, resulting in a higfeatdevel.
On the contrary, if itis too high, the retention time of an eDRAM cell ismtested,
resulting in a yield lost.

In order to specify an appropriate retention-time for the delay elemertigher
temperature, we need to calculate the time at-a given temperaturg doainthe
leakage of a switch transistor is equivalent to the leakage duringpbeified
retention time at the reference temperature, which is define®P&si8 our specifi-
cation. This time is defined as tequivalent retention timfr a given temperature,
which implies that a eDRAM cell loses its data after the specified rietetime at
85°C if and only if this cell will lose its data after the equivalent retentiiome at
the given temperature.

In the following of this section, we first study different leakagecimenisms of
a switch transistor and their sensitivity to the temperature. Baseldishebkage
analysis, we then calculate the equivalent retention time. Last, therimgntal
results of using different equivalent retention time at differemigeratures are
presented. We will also compare the total test-time reduction by isicrgahe

temperature.
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A. Leakage Mechanisms

The leakage mechanisms of a deep-sub-micron transistor inchuelseebias pn
junction leakage, subthreshold leakage, oxide tunneling cugat& current due to
hot-carrier injection, gate-induced drain leakage (GIDL), @mahnel punchthrough
current [18]. Among these six leakage mechanisms, the revaasgubction Band-
To-Band-Tunneling (BTBT) leakage, subthreshold leakage, amdtdunneling
current are the main leakage sources in current advanceelgzrtechnologies [17].
Figure 4 illustrates these three main leakage sources in thesgoten view of a
cell in our eDRAM. The detail analysis for each of the above leakageces and
its relation to temperature are presented as follows.

plate o

Source O e Storage cap.

p-well

L
Well

Fig. . Main leakage sources of a eDRAM cell.

1) Reverse-bias junction BTBT leakag®rain and source to well junctions are
commonly reverse-biased for preventing forward-biased ourié both n and
p region are heavily doped, band-to-band tunneling dominates thangtion
leakage. The BTBT current involves the emission or absorption afigui® since
silicon is an indirect band gap semiconductor. The tunnelingeotiigiensity is as
follow [22]:

EV, 32
Jprr = A 1‘”;1’ exp | —B—L— (6)
5 E
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¥ .3 " . . .
whereA = ¥25d, and B = 227, m* is the effective mass of electrom;, is

the energy-band gapy,, is the applied reverse biasg; is the electric field at the
junction; ¢ is the electronic charge; andis the reduced Planck’s constant. The
electric field at the junction is

2qjva—]\/vd(vapp + Vbz)
E= 7
\/ ESZ‘(NQ + Nd) ( )

whereN, and N, are the doping in the p and n side, respectivelyjs permit-
tivity of silicon; V;; is the built in voltage across the junction.

2) Subthreshold leakageSubthreshold leakage occurs when gate voltage is below
Viy,. In the weak inversion, the diffusion current occurs in the subkimelscon-
duction when the minority carriers are conducted from chanmggbneand exist in
channel depletion layer. This subthreshold current can besged as follow [22]:

Isub = uoCox%(n — 1)1}% X e(Vg—W}L)/nUT
X (1% e—”Ds/vT) ®)
where
3t
— 1 oxr 9
e T 9)

whereV,, is the threshold voltage;; = K6/q is the thermal voltage) is tem-
peratureC,, is the gate-oxide capacitange; is the zero-bias mobility; is the
subthreshold swing coefficient (also called body effect coefftyidy,,, is the
maximum depletion-layer width;,. is the gate-oxide thickness.

3) Gate tunneling current:The high electric field coupled with low oxide thick-
ness causes tunneling of electrons both from substrate to gate@andyate to
substrate, resulting in the gate-oxide-tunneling current. Tleetiunneling mech-
anism occurs in more advanced devices because the potentialtlosg the oxide
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is smaller than the barrier height of Si-SiO he current density of direct tunneling
can be expressed as follows [22]:

B(1— (1 - Y=))

Jpr = AEZ exp (— 5 — ) (10)

whereA = % andB = % E,. is the electric field across the oxide.

When a DRAM cell stores "1”, its bias condition is illustrated in Figuré4 = 0
andVps = Vpp induce a subshreshold currem,z = Vpp means that drain-
substrate is reverse-biased, which induces BTBT leakage.dii@d the direct
tunneling current also may occur because the voltage acrosstdieection of
drain and gate is equal tgpp. Hence, the total leakage curreii,,.(9) of the
switch transistor for a given temperaturean be expressed as

Dieak(0) = Lsup ¥ nr X App4 JerBT X ABTBT (11)

whereApr and Agrpr is the tunneling.area of direct tunneling and BTBT.

Note that this leakage is actually a function of temperature. Thewoilp sub-
section discusses those temperature-dependent parameteesahave leakage
equations. In addition, the leakage for the storage capacitor itssihal when
using a highk material and hence can be omitted in our analysis.

B. Temperature-Dependent Parameters in Leakage

Different leakage-current sources have different temperatapendence. In the
following, we list the temperature-dependent parameters ineabiree leakage
equations and discuss the magnitude of their dependency to thertgarpe.

1) Energy-band gag(,): The energy-band gap may be narrowed by the increase
of temperature within an order a6—44>.
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2) Junction electric fieldf): The junction electric field coupled with the doping
concentration may be influenced by the temperature, but it is mgrendient on
the junction voltage.

3) Mobility(uo): The increase of temperature results in the reduction of mobility.
The degradation of mobility is direct proportionalit’.

4) Thermal voltagel(r): The thermal voltage is linearly proportional to the tem-
perature, which results in an exponential growth of the subthtesbakage.

5) Threshold voltagé(;): The increase of temperature causes more carriers on the
channel, which reduces the threshold voltage and hence increasasthreshold
leakage.

6) Barrier height.,): The barrier height decreases when temperature increases,
which is proportional tao—46.

In summary, the direct-tunneling current is.invariant to the temperatince
the barrier height and potential,drop acress oxide are invariantettethperature.
The BTBT leakage may vary with‘the temperature but only in a smallrorde
The subthreshold leakage inCreases significantly along with the sem@fathe
temperature due to the decreasé/gfand the increase of thermal voltage. Even
though the direct-tunneling current and BTBT current are moisgive to the
temperature, both of them should still be considered in our leakagjgsas since
they contribute a significant portion of the total leakage at the abtemperature
especially in advanced process technologies [17].

C. Analysis of Equivalent Retention Time

To calculate the equivalent retention time for a target temperat@érst calcu-
late the total amount of charg@(..;) leaked from the storage capacitor during the
retention-time specificatiori’}.) at the reference temperatumg.(), i.e., 83C.
Then the leakage during the equivalent retention tifag, ) at the target tempera-
ture @¢:,) has to be equivalent 1©Q,,,;, which is expressed in Equation 12.
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Qtotal = Ileak(eref) X Tref = Ileak(etat) X Teqv (12)

Therefore, the equivalent retention timg, at the target temperatufg,; can be
obtained by Equation 13.

T _ Ileak(‘gref) X Tref
v Ileak: (etat)

(13)

The parameters used in the leakage calculation are listed as followd) aigic
provided by the IC foundry and may vary from different proceshinologies.

Mobility (o) : (230 ~ 250) x 107%(m?/V x's)
Oxide Capacitance’,,) : (1.1 ~ 1.3) X 1072(F/in?)
Oxide ThicknessT,,) : (2 ~3) x 10~ (m)
Channel Width W) : (0.8 ~ 1)x 107"(m)
Channel LengthiL) : 1.3 x 1077(m)
Subthreshold Swing:) : 1.1 ~ 1.5

Thermal Voltagg V) : K/11600(V)

Threshold VoltagéV;,) : 0.4 ~ 0.6(V)

Supply VoltageVpp) : 1.2(V)

Barrier Height(¢,,) : 3.1 ~ 3.2(eV)

Energy Band-gapE,) : 1.17 — 4T3xX10 <K oy/)

Doping Concentration: about?*(m3)

Table V lists the calculated equivalent retention time and its reducitmto the
original specification-defined retention time associated with eagngempera-
ture. The retention-time specificatio.() is 16ms at the reference temperature
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(6,.r) 85°C. As the results shows, the retention-time reduction is close to 50% when
raising the temperature to 1G5, and 65% when 12C, respectively. It implies
that the retention-test time can be significantly reduced by raitemtemperature.

9(rC | 95°C |100C|105C|110C|115C|120C

retention

time (ms) 13.57| 11.55| 9.87 | 8.47 | 7.29 | 6.30 | 5.47

reduction

ratio |15.2%) 27.8% 38.3%|47.1% 54.4% 60.6%) 65.8%
TABLE V

THE CALCULATED EQUIVALENT RETENTION TIME AND ITS REDUCTION TO THE
RETENTION-TIME SPECIFICATION 16MS AT 85°C.

D. Experimental Results

In the following experiment, we apply .our proposed test algorithes¢dbed
in Section Ill) on the eDRAM cores of:1-lot test wafers repeatedih different
retention-time specifications:at different temperatures. |h éaw of the eDRAM
testing, the delay element needs to-matchthe retention-time spgacificEable VI
shows the corresponding yield for each retention-time specificatidrieanpera-
ture. As the results show, the yield reaches 86.5% with 16ms retetithe at
85°C. Also, the same yield is first-reached with 12ms retention time &€ @Hhd
8ms retention time at 108. This result implies that the eDRAM cells which hold
their charge for 16ms at 86 can hold their charge for 12ms at’@and for 8ms
at 108C, respectively. This result approximately matches the calculatedzeyot
retention time listed in Table V, where the equivalent retention fon®5°C and
105C is 11.55ms and 8.49ms, respectively.

Note that we are not suggesting to directly use the calculated equivatention
time during the eDRAM testing. The equivalent retention time used acte
should be verified through real silicon experiments. For the ICdogproviding
eDRAM cores, a table of equivalent retention time associated with diftaem-

peratures can be built through a similar experiment as shown ie VdlbHowever,
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retention
time (ms)| 85°C | 95°C | 105°C
16 86.5% | 83.1% | 77.5%
14 86.5% | 84.3% | 82.0%
12 86.5% | 86.5% | 83.1%
10 86.5% | 86.5% | 83.1%

8 86.5% | 86.5% | 86.5%
6 86.5% | 86.5% | 86.5%
4 86.5% | 86.5% | 86.5%

TABLE VI
YIELD W.R.T. EACH TEMPERATURE AND RETENTIONTIME SPECIFICATION.

it may take weeks or even longer to build a complete yield table with oespe
to each temperature and each retention-time specification. Thefoesteatedly
testing the same wafers should be considered. This cost limitatiomithalseason
why the resolution of the retention time in Table VI is in 2ms, not in a senall
more accurate unit of time. Therefore, our theoretical calculati®heoequivalent
retention time can be used as an efficient guideline during the girowoess of
searching the equivalent retention time-with silicon experiments, wraochsave
the high cost of repeatedly testing asignificant number of test wafer

Table VIl further shows the total eDRAM-test-time reduction which caathieved
by increasing the testing temperature. In Table VII, Column 4u@a 5, and Col-
umn 6 lists the equivalent retention time, retention-test time, and toORA,d/-test
time, respectively, associated with each retention-time specificatiBist@, clock
frequency, and temperature. Column 7 list the total eDRAM-test-timectexh
achieved by using the equivalent retention time at each temperatompaced
to the total test time at 8&. As the results show, this total eDRAM-test-time
reduction increases when the temperature, clock frequenatention-time spec-
ification increases. The reduction ratio can be up to 37.2% by iscrg80C at
temperature when the retention-time specification and clock fregueec32ms
and 200MHz, respectively.

Note that at a higher temperature, its equivalent retention time degeahich
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retention clock equivalent retention| total |test-time
time rate |temp, retention| test test |reduction
in spec.|(MHz)| (°C) |time (ms)|time (ms)time (ms) to 85°C
85 16 32 193.9 -
95 11.55 23.1 185.3 4.4%
50 | 105 8.47 16.94 180.2 7.1%
115 6.3 12.6 177.0 8.7%
85 16 32 112.5 -
95 11.55 23.1 103.6 7.9%
16ms | 100 | 105 8.47 16.94 97.8 13.1%
115 6.3 12.6 93.7 16.7%
85 16 32 72.2 -
95 11.55 23.1 63.3 12.3%
200 | 105 8.47 16.94 57.1 20.9%
115 6.3 12.6 53.1 26.5%
85 32 64 224.9 -
95 23.1 46.2 207.3 7.8%
50 | 105| 16.94 33.88 195.8 | 12.9%
115 | 12.61 25.22 187.4 | 16.7%
85 32 64 144.3 -
95 23.1 46.2 126.6 | 12.3%
32ms | 100 | 1057 116.94 33.88 114.4 | 20.7%
1154 12.61 25.22 105.7 | 26.7%
85 32 64 104.2 -
95 23.1 46.2 86.4 17.1%
200 | 105| 16.94 33.88 74.1 28.9%
115 | 12.61 25.22 65.4 37.2%

providers.

TABLE VI

RATE, AND TEMPERATURE
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TEST TIME REDUCTION WR.T. EACH RETENTION-TIME SPECIFICATION, CLOCK

results in more frequent auto-refresh operations. Fortunateyjrtie consumed
by a refresh operation is short and does not affect test-time tieduoo much.

In addition, the temperature discussed here is for wafer tesfimge Want to test
the data retention after package, the temperature under coatgiteshould be the
temperature inside the package, not just tester’'s temperatoeetemperature in-
side the package is higher than that outside the package. The talde fwackage’s
outside temperatures to its insides temperature can be obtainedhfegmackage



V. CONCLUSION

Even though an SRAM interface is used in an eDRAM core, testing an &DRA
core is more than just testing a SRAM core. In this thesis, we havestied the
testing strategies to detect the faults which may not be conside@RAM testing
but should be covered in eDRAM testing. We then proposed an eDRSkRY
approach to target those uncovered faults on top of a SRAM testprgagh. Also,
we analyze the relation between switch transistor’s leakage an@tatnpe. Based
on that, we can theoretically calculate the equivalent retention time fiereint
temperatures which can be adopted to reduce the retention-test timee3ults

were validated through the experiment of 1-lot test wafers.
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