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ABSTRACT

ANALOG INTEGRATED CIRCUIT OF A LOW LEVEL
HIGH VOLTAGE CURRENT SOURCE WITH CAPACITIVE
LOAD COMPENSATION

Mustafa Ertugrul Oner
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Abdullah Atalar
October 1997

Atomic Force Microscopes(AFM) are used to sense the deflections on the crys-
talline surfaces and convert the information gathered to an image of surface
map. In a newly proposed interferometric sensor, cantilevers are microma-
chined into the shape of interdigitated fingers to form a diffraction grating and
the tip displacement is determined by measuring the intensity of diffracted
modes. Detection of modes is achieved by means of a photodetector(PD) array
mounted just above the cantilevers. For this purpose , a PD array of 2 x 8
composed of MSM-PDs is designed and manufactured. A p*/n PD is also
designed for testing. In addition, a high voltage low level current source is
required to drive the tips of the cantilevers for the purpose of lithography. The
current source designed for this purpose can supply 10nA current through the
resistive cantilever in spite of an existing capacitance at load. Current source
includes an internal capacitive current compensation circuit to fix the current
of resistive load at 10nA. Test of designed circuit is done and prototypes of
chip are fabricated using Alcatel Mietec 12T CMOS process. PD array and
current source are supposed to be prototypes of the related blocks in AFM.
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OZET

YUKTEKI KONDANSATOR AKIMINI TELAF{ EDEBILEN
DUSUK SEVIYE YUKSEK GERILIM AKIM KAYNAGI
TASARIMI

Mustafa Ertugrul Oner
Elektrik ve Elektronik Miuhendisligi Bolimi Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Abdullah Atalar
Ekim 1997

Atomik mikroskop, kristallerin yizey haritalarim elde etmekte kullanilir.
Kristallerin ylizey sapmalari mekanik ve optik bir takim dizenekler vasitasiyla
clde edilir ve bu bilgi daha sonra goriintiiye dontistiirulir. Yizey sapmalarim
ol¢mek igin kullanilan 1zgaralar lazer ile aydinlatildiginda sapmanin biytikliga
ile orantili yogunlukta 151k modlari elde edilir. Bu modlar élgmek igin MSM fo-
todiyot dizgisi igeren bir ¢ip tasarlandi. MSM fotodiyotlar CMOS teknolojisine
gosterdikleri uyumdan dolay: segildi.

Buna ek olarak, i1zgaralari sirmek icin gereken 10nA’lik akim kaynag
hazirlandi. Akim kaypagi birbirine parallel direng ve kondansatérden olugan bir
yuki siirebilecek ve direnci igeren koldan 10nA’lik akim gecirebilecek sekilde
tasarlandi. Kondansator igeren kolda yik gerilimindeki degisiklerden dolay:
olugan akim, akim kaynagi igerisinde yapilan diizenlemeler ile telafi edildi.

Yiksek gerilim akim kaynaginin ¢ipi yapildi.
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Chapter 1

Introduction

Atomic Force Microscopes (AFM) are devices used commonly to get an image
of crystalline surfaces on the atomic level. AFM’s are able to measure deflec-
tions that are much less than 1 A. The cantilever with an integrated tip is the
main element of those microscopes. Design of cantilevers is an important topic
because it determines the sensitivity of the system.

The measure of deflections on atomic level is achieved by means of tech-
niques such as tunneling [1], the optical lever (2], interferometer [3] and
piczoresistor [4]. Optical techniques become more and more popular because
of their high sensitivity. Schonenberger and Alvarado [5] developed a scheme
in which a birefringent prism is used to divide a laser into sensing and ref-
erence beam. The prism is placed so that the reference beam is reflected off
the cantilever and sensing beam is reflected near the tip. Reflected beams are
detected and analyzed by a split photodiode. Rugar et al. (3] developed a
deflection sensor based on the interference of light between cleaved end of an

optical fiber and the backside of cantilever.

A new interferometric sensor for the AFM where a cantilever is microma-
chined into the shape of interdigitated fingers to form a diffraction grating is
proposed by A.Atalar [6]. This technique requires an illumination source and
a standard photodetector. A resolution comparable to other interferometric



sensors can be achieved. In that method, intensity rather than the position of
the reflected beam is measured and therefore the problem of aligning an array
of photodiodes is eliminated.

When the cantileveris illuminated by a Gaussian beam with diameter of 20
and a wavelength of A = 670nm, the fingers form a phase sensitive diffraction
grating and the tip displacement is determined by measuring the intensity of
diffracted modes. As deflection increases, the intensity of the reflected beam
at 0** mode diminishes and at 1°* mode rises. For a deflection of a quarter
wavelength , reflected beam at 0** mode is minimum and it is maximum at
1°t mode. The cantilever deflection can be determined by either measuring the
intensity of the 0** mode, 1°* mode or difference between the modes. To detect

micromachined cantilever

10nA
Current
Source
e-beam resist
\ micromachined tip
\ .
™ Substrate

Figure 1.1: Cantilever on Crystal Surface

the intensity of deflected modes, an array of photodetectors placed just above
the cantilever tips is required. Metal-Semiconductor-Metal photodetectors are
used for this purpose. MSM-PD’s have attracted significant interest recently
for device applications due to their wide bandwidth, low éapacitance, low cost
of fabrication, high sensitivity, low dark current and monolithic integrability
with high speed electronic and microwave devices [7]. An MSM photodetector

array is prepared to measure the intensity of diffracted modes.



The cantilever tips must be driven by an high voltage low level current
source for the purpose of lithography [8]. In order to get surface map of
crystalls, the substrate surface is first covered by e-beam resist. The scanning
tip of the micromachined cantilever expose the e-beam resist by supplying a
curent of 10nA as shown in IMigure 1.1.

The exposed regions of e-beam resist are developed afterwards by some
chemical processes and image information is obtained. The exposure of the
c-beam resist could also be achieved by means of a fixed voltage supply. But
it is observed that the change in substrate voltage from 40V to 80V make the

constant exposure impossible. Figure in 1.2 shows the current of e-beam resist

A 1 (nay

» Vsubstrate

-
40V...80V

Figure 1.2: Current of e-beam resist vs. substrate voltage

vs. substrate voltage. It is evident from above plot that if cantilever tips are
driven by a fixed voltage source then the amount of current through the e-beam
resist will change drastically due to varying ON time and constant exposure
could not be achieved. The proposed constant current source overcomes this
problem and provide constant exposure [9]. The typical level of current is
10nA and required voltage is —100V.

In actual scan of cantilever tips over crystalline surfaces, an inherent ca-
pacitance of order 1 — 2pF will also be present. The current source must have
the ability of supplying 10nA current through the resistive cantilever load in

spite of the existing capacitance. The resistive load is time varying and is



around 3 — 8G§ which cause the load capacitance to supply or withdraw cur-
rent through the resistive branch. 10nA current source must include an internal
load capacitive current compensation circuit to fix the current of resistive can-
tilever load at 10nA.

This thesis includes the design of Load Capacitive Current Compansating
Current Source and a Metal-Semiconductor-Metal Photodetector Array, two
of the building blocks of AFM.

In Chapter 2, the elements of CMOS High Voltage 10nA Current Source
Without Capacitive Current Compensation is presented. A brief discussion on
current mirror stages, current amplification and de-amplification , cascode out-
put stages and voltage divider bias circuits is given. The transistor dimensions

are calculated for 10nA current source.

In Chapter 3, the performance of the fixed 10nA current source is analyzed.
Its output current stability against the changes in output voltage is observed.
Simulations for both cases: resistive load only and resistive & capacitive loads

are presented.

In Chapter 4, the capacitive current compensating circuit is introduced.
The building blocks of that circuit, namely differentiator, buffer, voltage con-
trolled current source and non-inverting amplifier are discussed. Their per-
formance tests are presented. The overall circuit of Low-Level High-Voltage

Current Source with Capacitive Load Compensation is given.

In Chapter 5, the operational amplifier which is used in the current source
is introduced. Its performance tests on open-loop gain, phase margin, output
impedance, CMRR etc. are presented. Transistor values used in design of op

amp 1s given.

In Chapter 6, MSM photodetector structures and their capabilities are dis-
cussed. Test results of p* /n photodiode are given.

In Appendix A, layout of current source building blocks are presented.
Overall circuit layout is also added. In Appendix B, photodetector layouts are
given. Appendix C inludes the process parameters of transistors. Appendix D

shows pin configuration of current source chip.



Chapter 2

Current Supply Building Blocks

2.1 Current Mirror

2.1.1 Introduction

One of the main blocks of the current compensated 10nA current source is the
current mirror. There exists many realizations of current mirrors serving for
various needs. They might be used to copy a current from any circuit branch.
Parallel connection provide the opportunity of generating many exact copies
simultaneously. In addition to that, successive connection of complementary

current sources allows changing the direction of current.

Figure 2.1 shows simple n-type and p-type current mirror blocks. The
n-type block is used for withdrawing current from output node while p-type is

used for supplying current.

Iyi.s Tepresent the current to be mirrored with a certain gain. By connecting

drain and gate of the M) we guarantee that transistor to be in saturation. Then,



governing equation of transistor current in saturation region is:

_ uCox W

Thigs = 5 (T)I(VGSI ~ Vra) 2 (1 + AVpsy) (2.1)
vdd vdd vdd
A -
Vgsl=Vgs2
-0 Vload .
¢ Ibias \; M1 j '___‘ M2
Io
M1 I l___l | M2 To
+ ¢ Ibias |
Vegsl=Vgs2
gs gs Vload
V Y
Vss Vss Vss

Figure 2.1: N-type and P-type current mirror blocks

Bias current enforces gate-to-source voltage of M; and M; to reach a certain
value. Assuming M; also in saturation, the same bias current will flow through
the drain of Mj;, provided M; and M; are same size transistors. If the size of
the transistors are different, drain current of M, will change in proportion to
(W/L) ratios of My and M,. The value of Vis; is determined by (W/L) ratio
of first transistor. If the output voltage of current source is a low value, then
it would be better to set gate-to-source voltage as low as possible to make M,

enter saturation more easily.

Output current Ip set by M; is given to be:

_ pnCox W

Iy 5 (7)2(‘/652 — Vra)*(1 + AVps2) (2.2)

Equations 2.1 and 2.2 yield:

Iy _ (W/L)g (1 + /\VDSQ)
Ibias - (I'V/L)l (1 + AVVD.S'I)

(2.3)



If there exist no loading effect on output transistor M,, drain to source
voltages Vps) and Vps; would become equal. Even if this is not true, very
small values of channel-length-modulation parameter A guarantees that:

(1 + AVbs2)

~ 1 2.4
(14 Wosr) (2.4)

Then we can safely use current mirror gain equation:

Iy = Ibiosgzjigj (2.5)
If we call current gain factor to be 3, then:
%
=, 29
and
Io = Blyias (2.7)

2.1.2 Current Amplification/Attenuation

Appropriately choosing the gain factor 8, current amplification and attenuation

can be achieved. Successive use of mirror blocks for this purpose are shown in

Figure 2.2.

Let’s call:

(W/L)w

4 = (W/L)as
l (W/L)lu,

:BZ:'(H//—L)za'v """ 1.671:

(W/L)ns
(W/L)na'

(2.8)

The bias current mirrored through each current mirror block with a certain
gain. When current reach to the last stage:

Io = B3P lbias (2.9)

If n of those mirror blocks are cascaded:

Io = BrBn-1----B3P2B1 lyias (2.10)



vdd vdd

Vgs2

M2a j,_i_'[’: M2b

¢ Ibias Y

vdd

Io

Mla:| }_:_‘E Mib  M3a j F‘f" E M3b

Vgsl Vgs3

Y v Y Y

Vss Vss Vss Vss

Figure 2.2: Cascaded current mirrors for current amplification and attenuation

If multiplication of 3;’s is greater than one, cascaded mirror stage functions
p g g

as a current amplifier and vice versa.

2.1.3 Saturation Condition

In cascaded use of current mirrors, one must be careful in keeping the tran-
sistors My in saturation. Actually, if the current gain of cach mirror block is
grater than one, then there exist an upper bound for the bias current in terms
of supply voltages and mirror gains. This upper bound constraint weakens in

current attenuation but still exist.

For the sake of convinience, let:

K; = tnCox W, (2.11)



Then

K
B K. (2.12)
From Equation 2.1
Ibias
Vest = \| —— + Vra (2.13)
[‘la
The drain current of M, becomes
K
I, = —1] ias A4
2= b (2.14)

and enforce Vgs, to be

Ko/ KyoTbias
Vosz =/ LKIL + Vrp (2.15)
2a

To get My, in saturation we must have

Vbsis 2 Vas1 — Vg (2.16)

but also

Vbsi = Vpp — Vss — |Vasa|. (2.17)

Combining equations 2.15, 2.16 and 2.17

(1\,1b/[(20)[bias \/?l;ias
Sy — AV | — > /- 2.18
Vop — Vss — |V, \/ .. “\ Ko (2.18)

or
Vop — Vss — Vpy

[bias S [(la[ =
1 + ([(lb/[\Za)

)2 (2.19)

Above statement gives the condition of keeping M, in saturation. We will
follow a similar procedure to find the saturation condition of M;’s. To make

M,y enter into saturation

[Vpsas| 2 |Ves2| — [Vl (2.20)



If we assume [Vrp| = Vpn = Vr referring to process parameters given in
Appendix C then

KyKy
Vigs| = (f ——1of820  po oy,
I GS3| \/I(la](za \'34 Ib:as + ! T (2.21)

Substituting Equation 2.21 into 2.20 and using |Vpsas| = Vop — Vs — Vass

Vop — Vss — |Vass| > |Vasa| — Vi (2.22)
or
Kip Ko K1y Koy
Vop — Vss = Vr —\| 77— ias 2 ias 2
pp s \/Ix'lal(zaKaa fiis 2 \/ K (223)
Then the upper bound on Iy, is found to be:
K1oK2 Vpp — Vss — V;
Iy, < D1af820YDD ~ Vss — V115 (2.24)

I(lb 1+ \ﬂf(zb/I{Sa)

We may generalize this result to n-mirror blocks. To keep M,,; in saturation,
upper bound on I}, is as follows:
L. . < I(lal{'ZaI(Sa tt I(na VDD - VSS - ‘/’T
s = I"lbI(Zb[{% T I((""l)b 1 + \/(I(na/[((n+1)a)

] (2.25)

Using Equations 2.12 and 2.25

K Vop — Vss — V7
Ibias S n_nla [ oo ~ SS’ d 2 (226)
i Bi'1 4 (I\na/l\(n+1)a)

The saturation condition of the last transistor of cascaded stages depends
mainly on the output node voltage. If this voltage is high in magnitude com-
pared to the available supply voltages, it would be difficult to keep output

transistor in saturation.

Saturation of M;;’s will not be a direct problem because we will use cascaded
current mirror stages for current de-amplification by setting 8 < 1 . However

the saturation condition have to be kept in mind for a proper design.

10



2.2 10nA Current Source

The main difficulty of the design of the 10nA current source is the 100V supply
range. Actually, we are required to design the current source using +5V and
—95V as supply voltages. This current source will drive the cantileversin AFM

and the supply voltages are chosen for this requirement.

0 Vo

Ro
10nA

Vss=-95V

Iligure 2.3: Simple Model for Current Source

The operation of the current source is limited by supply voltages. Voltage
swing at output node V, cannot exceed available supply range, otherwise some
of the transistors in current source cuts off and operation fails. Also the output
impedance R, of the current source must be chosen as high as possible in order
to get rid of changes in supply current of 10nA when output voltage sweeps a

certain voltage range.

A 100V voltage drop accross the current source with 10nA requires

100V

9
=10°Q .
10nA 10 (2.27)

resistance which is impractical in chip fabrication process. This much of re-
sistance cannot be obtained directly and therefore we must propose another
method. We will first start from a relatively higher current level around a
few micro ampers and use cascade current mirror stage for current attenua-
tion down to 10nA. One must be careful in choosing starting current level. At

high levels of currents, power consumption comes into play. If overall 10nA
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current source withdraws a current of 10mA, this will correspond to 1W power
consumption. Keeping this fact in mind, we will try to use currents as low as
possible.

vdd vdd

A A
A r==--"f--~""=="=""==="="94----~

L
al
5

M8 ;]’____IE: M9

Y Vss Y Vss
Figure 2.4: 10nA Current Source with no load capacitive current compensation

Circuit in Figure 2.4 shows the general topology of the 10nA current source.
Supply voltages used are Vpp = 5V and Vss = —95V. The transistor M, in
subecircuit C; supplies the current Iy;,s, which make all the transistors ON.
Viias is the bias voltage which is supplied by another voltage divider circuit
discussed next. The gate of the Af; is at almost infinite impedance and will

have no loading eflect at bias circuit.

Subcircuits C; and C; are cascaded current mirror stages and achieve a
current division. They also isolate current biasing transistor Af; from vollage

variations at the output node.

Figure 2.5 shows the modified form of uncompensated current source.
During capacitive current compensation in Chapter 4, we will design a load
capacitive current compensating circuit and generate a copy of load capacitive

12



Vh
o

current. This current will be fed back through non-inverting pin of an oper-
ational amplifier. Non-inverting pin will be connected to the drain of My as
shown in Figure 4.12. In order not to saturate the operational amplifier, this
voltage must be somewhat lower than Vpp. Actually, to achieve a current divi-
sion, the (W/L) ratio of transistor My cannot be chosen so low, which leads us
to gate-to-source voltage of around 1V. Therefore, the voltage at the node to
which operational amplifier will be connected become around 4V. This volt-
age is very close to Vpp and saturate the operatiOnal amplifier. To draw that
voltage down to around OV and give a proper operation range to operational
amplifier, two more p-type current mirror stages will be connected in parallel
to C3. To achieve output stability, Cascode (or Improved Wilson) current

vdd vdd

M8 }—~——| M9

M“:j|'_—|: M7 vdd vdd
vad
e j F__l r: M8 Mi12 { Mi13
EE_| M1 ‘——~o
Io
M2 |’—_H: M3 M10 jl’_-‘l M11 M4 ;]I__{E; M15
c2 v \9
Vss Vss Vss Vss M16 j '—_—‘| [: M17

V vss YV Vss

Figure 2.5: Final 10nA Current Source with no load capacitive current com-
pensation

source is placed at the last stage, labeled as subcircuit Cyq. (W/L) ratios of

transistors in current source are given in Table 5.1.

13



[ Transistor | (w/L) |

M, 40 p /221
M, 20 4 /20 p
M3 20 1 /20 p
M, 22 1 /20 p
M; 22 1 /20 p
Ms 22 H /20 Y
M, 22 u /20 u
Mg 21 1 /20 p
M, 21 p /20 p
M 40 pu /24 u
M11 20 H /80 H®
M, 40 p /24 p
Mi; 20 1 /80 p
My, 50 p /10 p
M15 20 H /50 K
M16 50 H /10 22
M 50 4 /50 4

Table 2.1: Transistor sizes of 10nA Current Source.

2.2.1 Output Current Stability

The Cascode Current Source Cy4 serves as the output stage and prevents the
ontput current from changing in response to load voltage variations. Cascode
Current Source is composed of two current mirror blocks connected in parailel.

The small signal output resistance is given to be

RO = 7‘07[1 + (gm7 + gmb.')rag] + To9 (228)
where
po= L (2.29)
gd
and
A
= —Jp. 2.30
94 =17 Wos P (2.30)
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Also the transconductance g, is given to be

'7.‘]711/2

Imb = ——F—/———. (231)
V28 + Vsp

The low channel-length modulation characteristics of the process causes* R,
to reach even 10°Q by which we achieve good output current stability. Actually

/
—AV"=>AIO= av

B = Al R,

(2.32)

and the relation in Equation 2.32 tells us that to get a few pico ampers change
in output current in response to possible 30V to 80V change in load voltage
we require an output impedance of order many giga ohms. Cascading more
and more current mirror blocks will continuously raise output impedance and
output current stability, but this time it will have a negative effect on possible
range of output voltage swing to keep output transistors in saturation. In other
words, maximum load impedance that current source can drive fall below the
maximum possible value of 10G§ for supply range of 100V and current of
10nA.

2.3 Voltage Divider Bias Circuit

Amplifier stages and current sources need various dc bias voltages and currents
for their operations. Usually the circuits have only two dc voltage supplies ,
Vpp > 0 and Vss < 0, and all other bias voltages must be obtained externally.
To obtain the dc bias voltages Viy, Vig, « -, Vin where Vog < V3 < Vo < - -+ <
Vin < Vpp, I have used voltage division. It is not suitable to use resistive
dividers in MOS technology because of their large silicon area consumption.
Instead, MOSFETSs are used in a totem-pole configuration [14] .

Figure 2.6 shows the PMOS Voltage Divider. For all transistors in the
chain Vgs = Vps and hence the saturation condition |Vps| > |Vgs| — |Vr| is

satisfied. The same current Iy;,s flows through the transistors and given to be

2C %%
= 2OX(—L‘)1(V61 ~ Vp)? (2.33)

Ibias =
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~_H<>: M12

112
-———o Vb1l

‘_Hi M11

111
I Vb10

1
..

I1
O Vbl

Vss

vV

Figure 2.6: Voltage Divider Bias Chain

.Cox , W o
= PP (Vi = Vo — Vi’ (2.34)
nCox W . )
= PP )0(Vob = Vira — [Vrng])? (2.35)

But all the equations above valid only if the current drawn or supplied by
the node to which bias voltage will be applied is much smaller than the bias
current Jpiqs, i.e, I; < by, is assumed. In our design, we will use this bias
voltages to drive the gate of MOS transistors and hence we may use all those
cquations safely.Notice that only transistors Af; and M, have no body effect
but for the others threshold voltages are different for different devices.
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Figure 2.7: Available Bias Voltages
Threshold voltages are given by
VTI = V:I'n (236)
ezl = Vol + 721850 + Vop = Viz = /214, ) (2.37)
Venl = Vol + (V2080 + Voo — Ve = /251)  (2.38)
Vrizl = Vol (2.39)

where Vr, and Vp, are the threshold voltages of NMOS and PMOS transistors
for Vsp = 0 respectively. v is a device constant given by

_ \/2£qN,-m,, (2 40)

7= Cox
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where € is the permittivity of silicon and Ny, is the density of impurity ions
in the bulk.

The available bias voltages in the actual voltage divider chain of current
source shown in Figure 2.7. From top of the plot, bias voltages correspond to
Vi1, + -, Vi respectively. Vio = —3.99V and Vi = —90.99V has been used to
generate bias currents of current source and operational amplifier. If we used
a PMOS transistor instead of M; in bias chain, it would become impossible
to generate the bias voltage of —90.99V since the threshold voltage of PMOS
M, would reach to about 10V and limits the value of V;; at minimum —85V.
NMOS transistor at M; completely overcome that problem.

Calculated values of (W/L) ratios for the transistors in voltage divider bias
chain of Figure 2.6 are shown in Table 2.2

[ Transistor |  (W/L) |
M, 200 p /20 p
M, 15 p /20 p
M; 200 u /20 p
M, 200 ¢ /20 p
M;s 200 i /20 p
Ms 200 g /20 p
M, 200 ¢ /20 p
Ms 200 1 /20 p
M, 200 p /20 p
Mo || 200 4 /20 &
A{u 200 K /20 K
M, 201 g /20 p

Table 2.2: Transistor sizes of Voltage Divider Bias Chain.

18



Chapter 3

Test of Current Source

3.1 Output Current Stability

The output impedance of current source simply modeled as in Figure 3.1 is
very important since it determines the output current stability.

vdd

Ibias Y Io

CURRENT SOURCE

;

Vss

Iigure 3.1: A simple model of current source

Output impedance of the current source is calculated by connecting an AC
voltage source in place of V,. Then R, is calculated using
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Vo
Ro - 'E (31)

Irequency response of output impedance is plotted in Figure 3.2-a. It shows
that at the expected operation range of a few kHz, the output impedance of
current source is around giga ohms which is sufficient for required output sta-
bility. In fact, plot in Figure 3.2-b confirms our expectations. Output voltage
V, is swept from ~90V to 45V and change in current sunk is observed. Since
output voltage is changed dc-wise, current stability is controlled by output
impedance of around 1 — 2GQ which, in turn, will result in a deflection of
10.0350nA—9.9820nA= 53pA. AV, = 95V and A, = 53pA lead us to sensi-
tivity of

Al,
AV,

= 0.56pA/V (3.2)

In other words, 1V change in output voltage will cause a deflection of
0.56pA in output current which is negligible compared to the current level of
10nA. But we must be careful in trusting this performance. This plot is a
result of DC analysis and therfore output impedance assumed is at its peak.
In a normal operation , depending upon the frequency component of output

voltage performance of current source will degrade.

3.2 Resistive Load

In order to show the effects of AC components at output voltage, configuration
in Figure 3.3 is used. The variable load resistance as a function of time is
first plotted in Figure 3.4. The rate of change in load resistance determine
the AC component of output voltage. The faster Ry change , the lower is the
output impedance encountered and the more deflection from 10nA is observed.
Second plot in Figure 3.4 shows this phenomena. Third plot is the zoomed
out repetition of the second plot, in which current stability can be observed

more appropriately.
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Figure 3.3: Current Source Driving Variable Resistive Load
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Figure 3.4: (a): Rl vs. Time (s) (b): Output Current vs. Time (s), (c): Output
Current vs. Time (s)-zoomed out
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3.3 Resistive and Capacitive Loads

vdd
Io
Ibias IR | y Ie
7 1
=
RL / [\ CL
CURRENT SOURCE

T

:

Vss

Figure 3.5: Current Source Driving Variable Resistive Load and a Parallel
Capacitance

In actual use of this current source , the load will be not only a resistance but
also a capacitance of order 1 — 2pF parallel to resistance as shown in Figure
3.5 . This capacitance causes problem in operation. The current source must
have the ability of supplying 10nA current through the resistive branch. It
is evident from the Figure 3.5 that the change in load resistance will cause
an alternating voltage accross the load capacitance and the capacitance will
withdraw or supply current proportional to the derivative of that voltage. The

current through the capacitive branch is given to be

dv,
and
Ip=1,+1I¢ (34)

Noting that the capacitive branch can supply or withdraw a current of many
nano ampers, the current through the resistive branch may divert drastically
from 10nA.

Figure 3.6 shows the simulation results of circuit in Figure 3.5. First plot
of Figure 3.6 is the current through the resistive branch which is equal to the

23



L-LM-LA

[Yrrrrrryr

IlllllIIIlIIIllIlIIIIIIIII'l-

-

-
(82
o
o
o
=]
U RANEN B
FTT: G WY

b L

<4

E.

9,50} ]

4
S BT R R U I A A T O N O A O B A T

200.0m 400.0m 600.0m 800.0m 1.0 1.20 1.40
Time (s) 1.50

(=S
o
<
=]

‘!{

Figure 3.6: (a): Current through resistive branch vs. Time (s) (b): Current
through capacitive branch vs. Time (s) (c): Total current of source vs. Time

(s)

sum of the capacitive current in second plot and total current supplied in third
plot. It is obvious that if load resistance change more rapidly, larger capactive
currents will be generated and more deflection from 10nA will occur.

Our next job in Chapter 4 is to add a capacitive current compensating
branch to our original current source so that the current through the resistive
branch is equal to 10nA no matter what the load voltage variation is.
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Chapter 4

Capacitive Current

Compensation

In order to compensate the current through the capacitive branch, we must
first create a copy of that current. The only way of generating the capacitive
current is to follow the mathematical relation that it obeys. We know that

capacitive current is given by

dv,
Ic = CL—dT, (4.1)

that is, we need a differentiator to get the derivative of output voltage.

4.1 Differentiator

Figure 4.1 is a simple differentiator. A straight-forward analysis show that
dVin

dt -
The block elements Ry and Cy are used to obtain a certain multiple of input

voltage derivative.

V, = —R4Cy (4.2)
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Figure 4.2: Differentiator connected to the current source
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Their values cannot be used arbitrarily in the case of a realistic opamp and
one must be careful on the characteristics of the amplifier. If differentiator
is connected directly to the output of the current source as in Figure 4.2
the differentiator capacitor Cy will become parallel to load capacitance Cp,
since it is connected in between output node of current source and virtual
ground. In other words, the current we try to compensate increases. Since
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Figure 4.3: Capacitive currents when differentiator connected. (a): Load resis-
tance vs. Time (s), (b): Load capacitive current vs. Time (s), (c): Capacitive
current due to differentiator vs. Time (s)

the differentiator capacitance is 50 times the load capacitance, it supplies or
withdraws 50 times more current. In fact, the capacitive currents in (b) and
(c) of Figure 4.3 are the same in shape but (c) is almost 50 times (b).

To overcome this problem, a buffer will be embedded between current source
and differentiator, which is discussed in the next section. Opamp used is a
realistic one and discussed in detail in Chapter 5. In simulation, the element
values are chosen to be Ry = 100k, Cy = 100p and Cp, = 2pF.
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4.2 Buffer

An output stage must be able to deliver a considerable amount of power into a
low-impedance load with acceptably low levels of signal distortion. Therefore,

in general, it is required to have one or more of the following desirable properties

[15] :
o Low output impedance
o Large output voltage swing

e Large output current swing

Almost unity gain

Large input impedance

vdd vdd
A A
Vbias
Vin
0O Vo L O Vo
o[ m -
Vbias
Vin
V Vss V Vss
NMOS Buffer PMOS Buffer

Figure 4.4: NMOS and PMOS Output Buffers

Figure 4.4 shows NMOS and PMOS output stages which can provide the

above requirements.
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4.2.1 DC Voltage Shift

A close look to the circuit of buffers reveals that they also function as a DC
Level Shifter. The (W/L) ratios of transistors M; and currents supplied by
transistors M, determine the gate-to-source voltage of transistors M; which
eventually leads to DC shift between output and input nodes. It is evident
from the above two circuit that for NMOS Buffer

‘/o = ‘/in - ‘/gsl (43)
and for PMOS Buffer
‘/o = ‘/in + I‘/gsll (44)

Then NMOS buffer fulfills a downward DC-shift while PMOS Buffer operate
as an upward DC-level shifter. Available voltage in negative side is —95V and
gives wider operation range, therefore it is better to use downward DC-level
shifter , i.e NMOS buffer in order not to deal with degradation of the input
signal. In Figure 4.5 the downward DC voltage shift characteristics of NMOS

Buffer Input

Buffer Output

C oo o b v b v v b v b

-2.50F Buffer Input

-7.50F
. Buffer Output
-10.0F

-12.50

1 3
200.0n  400.0m 600.0n  800.0m 1.0 1.2 1.40
0. Time (s)

Figure 4.5: NMOS Buffer DC-Level Shift Operation
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buffer is clearly observed. In both plots, upper wavefoms are the inputs and
lower DC-wise shifted waveforms are outputs. The amount of shift is around
11V. Actually, the lower amounts of shift cannot be obtained using available
supply voltages. That is because, Vsp of transistor M; is much greater then
zero and cause a large body effect. If there were no body effect

(W/L)s

Vin — Vout = Vro + (Vaias — Vis — Vo) W (4.5)
Al

and one can fully control DC voltage shift. But the large body effect cause

W/L),
‘/l'n_‘/ou:v i ias — ss_/ ( .
where

Ve = Veo +7(y/26F + Vour — \/26r). (4.7)

We cannot reduce the DC shift below the threshold voltage which gets larger

12.0F

44 0F e ARTSIIETRRIISREE ................ ..............

asclunadiacd

100:_ ................ ................ ..............

— 9.0F

(v

7.0F
6.0F
5.0F

4.0F

DC-Level Shift

3.0F
2.0

1.0F

0 b Ltaad l PO DU TR AN DS T TN
° -70.0 -60.0 -50.0
-80.0

Buffer Input (V)
Figure 4.6: NMOS Bufter DC-Level Shift vs Vin (V)
including the body-effect. The linearity of DC shift is examined in Figure 4.6.
It is evident that as input signal gets larger and larger, amount of DC shift

also rise. The large signal behaviour of the buffer will cause the amount of DC
shift to change.
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4.2.2 Small-Signal Gain

By small-signal analysis on NMOS buffer, it can be confirmed that

1
14 (lgmer| + ga1 + ga2)/gm1

Since gm1 > |gms1], g1 and gas , voltage gain of buffer is approximated by
A, ~ 1. (4.9)

(a) of the Figure 4.7 shows that the voltage gain is very close to unity. (b)is the
corresponding phase shift. In fact, gain of the buffer is not so much important
in our circuit, because the gain lost at buffer stage can be compensated by
changing the gains of subsequent stages.

4.2.3 Output Impedance

Using small-signal equivalent circuit of NMOS Buffer, expression of output

impedance is calculated to be

1

. 4.10
|gmb1| + g1 + gd2 + gm (4.10)

Rout =

There is a trade-off between the current through the buffer and output
impedance. Higher levels of buffer current accompanies with the lower output
iipedance but this time we must be careful on power limitation. Fortunately,
buffer in our circuit will drive a differentiator which has a high input impedance

hence output impedance will not create a problem.
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Figure 4.7: (a): Small Signal Voltage Gain and (b): Phase Shift

4.3 Buffer and Differentiator

Remember that our aim in design of a buffer was to eliminate the effect of dif-
ferentiator capacitance Cy on the current of resisistive load. After the insertion
of NMOS buffer, circuit in Figure 4.2 turns into the circuit in Figure 4.8.

Referring to the Figure 4.8, differentiator capacitance Cy and the current
source output are completely isolated by means of buffer stage. But one must
be careful in choosing the buffer stage because total gate capacitance of tran-
sistor M; will cause a problem similar to that of Cy. Therfore, in design of
buffer , the size of transistor M; is kept as small as possible to keep its gate
capacitance much lower than Cy. A proper design revealed that this gate ca-
pacitance could be reduced to 0.23pF. This value is smaller than Cr but still
its contribution to current through resistive load is important and must taken
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into account in setting compensation parameters.

vdd =+5
) )
T~
RL CL
CURRENT SOURCE /]
-7
‘L Vss =-95 A
vdd
Rd
—____ M
+5
ve ¢
o.__——
+
Cd Vbias
-95 M2 H———O
-7
v Vss

Figure 4.8: Differentiator and Buffer connected to the current source

Compared to Figure 4.3, the improvement of circuit performance after
adding buffer stage is evident from Figure 4.9. First plot of that figure is
the change in load impedance. It is redrawn here to get a feeling of relation
between capacitive currents and load impedance change. In fact, assuming
total current supplied by the current source fixed, derivative of the output
voltage is proportional to the derivative of load impedance. The shape of
capacitive current in (b) hence coincides with the waveform in (a) and is more
reasonable than that in Figure 4.3.

Third plot of the Figure 4.9 is the differentiator output. Using pre-defined
parameters and an ideal opamp, the output voltage of differentiator must be

equal to

V, = =5 x 1081, (4.11)
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But simulation using the realistic op-amp which will be discussed next gives
Vo, = —4.55 x 10°1,. In setting of compensating branch parameters this value

should be taken into account.

Finally, (d) is the current of resistive load, which is equal to the sum of

fixed current of 10nA and capacitive load current.

As a final remark, note that, DC shift of the current source output voltage
after use of buffer cause no problem since it is directly input to a differentiator

and completely eliminated.

4.4 Voltage Controlled Current Source

The next job is to convert that voltage into a current linearly and apply to the
output node of original current source. There exist many types of VCCS’s but
not many of them satisfy our desires. The required specifications of VCCS are

as follows:

o Voltage to current conversion must be linear
¢ Governing equation must be independent of input voltage
e Depending upon the polarity of input signal, it must have the ability of

supplying and withdrawing current

Circuit in Figure 4.10 satisfies all the requirements. Using Kirchoff’s Volt-

age and Current Laws, equations below can be written.

Vin = L1y + I3R3, (4.12)
Isz + I4R4 = 0, (413)
L= I+ Io (4.14)
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R3 V1o R4
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Figure 4.10: Voltage Controlled Current Source

and
I = 1.
Additionally, if
then
R, = kR,
and
Ry = kRs.

Substituting Equations 4.17 and 4.18 into Equation 4.13
LR, + I4Rs = 0.
Using Equations 4.14, 4.15 and 4.19
LR+ I3R3+IoR3 =0

Vin
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and hence
Vin + IoR3 = 0. (4.21)

Then we conclude that the governing equation of the VCCS is

fo = ——=. (4.22)

The VCCS discussed carries all the nice properties desired but the only
inherent disadvantage is that it requires exact matching of resistors. Other-
wise the relation in Equation 4.22 will no longer be valid. Circuit in Figure
4.10 is also capable of supplying or withdrawing current independent of load
impedance. But note that, the value of load resistance determines the volt-
age at non-inverting pin of the operational amplifier. In addition to that, this
voltage is transferred to the output pin of opamp depending upon the ratio of
resistors,k and hence there is always a danger of opamp being saturated. To
overcome that, the resistor values and the voltage at non-inverting pin must

be specified carefully.

4.4.1 Input Impedance

The input impedance of VCCS is an important parameter because it loads the
differentiator. A simple analysis assuming output and input impedances of
opamp to be zero and infinity respectively reveals that

Rin = R3R1

et 4.23
Rs+ RL ( )

- By using Equation 4.23 we conclude that input impedance of VCCS may be
very low depending upon the value of load impedance and hence load the dif-
ferentiator. The proper operation of differentiator is very important, hence an
additional gain controlling stage with high input impedance will be embedded
between differentiator and VCCS.
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4.5 Voltage Gain Stage

Circuit in Figure 4.11 is a Non-inverting Amplifier with high input impedance.
It can be shown that

R,
A, =1+ 22,
L+ (4.24)

By choosing the values of resistors appropriately, any gain can be specified.

R2

R1 +5V

-95V

0
Vin

Figure 4.11: Non-inverting Amplifier with High Input Impedance

The input impedance is found to be

AR;

Rig = ———— 4.2
T R/ (4.25)

where A is the open-loop gain and R; is the input impedance of the OpAmp.

Since both have very high values , resultant input impedance is even larger

than R;.

4.6 Current Compensating Circuit

Circuit shown in Figure 4.12 is the final topology including all the circuit
elements described. Note that fixed 10nA current source has been modified
to help the operation of VCCS. In fact, additional current mirror stages in

38



the 10nA fixed current source provide a DC voltage of a few mV at node A
to which feedback path from VCCS is connected. Element parameters are so
chosen that current through the 2pF load capacitance is completely eliminated.

The overall circuit is designed for 2pl load capacitance but it can be ad-
justed for other values. For example, by changing only the parameters of
non-inverting amplifier exact current compensation can be achieved.

For a proper operation of the circuit, the current generated by compenastion
branch must exactly match the load capacitive current when it arrives output
node. It is observed that higher values of compensation current may cause a
positive feedback and hence instability may occur. Therefore, in adustment
of feedback parameters one must start from a compensating current less than
actual load capacitive current and slowly increase the current gain. To be

specific , lets define some current gain parameters:

G1 Current Gain from node A to output. It is set to 1/545
G2 Voltage Gain of Buffer. It is set to 0.937

G3 Gain of Differentiator

G4 Gain of Non-inverting Amplifier

G5 Current Gain of VCCS

Then, to avoid positive feedback and achieve exact compensation the necessary

and sufficient condition is
G1G2:G3G4Gs = 1. (4.26)

Since G, and G, are fixed
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Figure 4.12: Overall Circuit with Capacitive Current Compensation

40



In fact, from circuit in Figure 4.12 it is found that G5 = 4550k , G4 = 2.3 and
G's = 1/18k. These values of gains confirms Equation 4.27.

10.030n

T
——
1
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Figure 4.13: Current through resistive load after current compensation

Plot in Figure 4.13 is the result of overall circuit. This result must be
compared to (a) of Figure 3.6 in which current through resistive load without

compensation is shown.
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Figure 4.14: Resistive load currents with and without compensation
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Ir (A)

For convinience, the currents through the load resistance are drawn for both
cases: With current compensation and without current compensation. Plot in
Iigure 4.14 gives the chance of comparing these currents. Circuit performance
is quite satisfactory.
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Figure 4.15: Resistive load currents with and without compensation-Effect of
feedback gain

If current compensation job is not successfully achieved it is better to change
the value of resistors of non-inverting amplifier slightly. To show the effect of
feedback gain let’s reduce it by reducing the gain of non-inverting amplifier.
The feedback resistor in the amplifier is changed from 130k to 30k which means
G4 is no longer equal to 2.3 but 1.3. With this value of G4, Equation 4.27 cannot
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be satisfied and not a full capacitive current compensation can be achieved.
Referring to Figure 4.15, the current generated by feedback path does not
match the capacitive current exactly and hence, even if current through resis-
tive load shrinks toward 10nA it does not have the desired shape. In order
to provide a fixed 10nA current through resistive load , one must play with
feedback gain.

In Figure 4.15 , the waveform with larger swing stands for the resistive
load current without compensation and the other is that after compensation.

4.6.1 Feedback Model

At that step, we are ready to introduce the linear model of load capacitive
current compensated current source. Main blocks of the current source are
buffer, differentiator, non-inverting amplifier and voltage controlled current
source. As a result of small signal analysis, it is found that all of these blocks
have poles at many mega hertz. Corresponding gains of these blocks have
been presented in Section 4.6. Referring to all of those information and circuit
topology given in Figure 4.12 we derive the linear model shown in Figure 4.16.

For convinience some of the information given earlier will be repeated here.
G, is the attenuation of current mirror stages from feedback connection point
A in circuit of Figure 4.12 to load and is equal to 1/545. R and C are load

impedance and capacitance respectively. They are both assumed to be constant

throughout the analysis.

G, and p, are the gain and pole of NMOS buffer. They are equal to 0.937
and 68MHz respectively. Gz = 4.55 x 10° and p; = 15MHz are the gain
and pole of diflerentiator stage. For non-inverting amplifier stage G4 = 2.3
and p; = 22MHz. Finally, VCCS has the pole of ps = 2MHz and gain of
G's = 1/18000.Gain stage K does not really exist but it serves for controlling the
feedback gain during the stability analysis. Root-locus analysis is implemented
by MATLAB using K as the gain parameter. Loop gain at which system

become unstable is determined.
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Figure 4.16: Feedback Control Model of Compensated Current Source

Figure 4.17 shows the locations of poles of overall system as /' being the
parameter. It is observed that the poles of final system are very close to those
stated above. Dominant pole which is very close to origin, is generated by RC
of the load and gets a minimum value of 50Hz when load impedance is 10M
and load capacitance 2pF. Possible range of load impedance is from 4G to 8G

and hence the dominant pole can move from 62.5Hz to 125Hz.

The gain K at which the real parts of the poles become positive is measured
to be 7.827. Therefore, further increase in feedback gain makes the circuit

unstable.
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Figure 4.17: Root-Locus Analysis

In order to decide how much this result fits the original circuit, open loop
gain of original current source circuit is determined by means of HSPICE sim-
ulations for different feedback gains. Phase margins will provide the necessary

information for stability.
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| Figure ]| Open-Loop Gain (K) || Phase Margin ||

4.18 1.30 125°
4.19 3.47 30°
4.20 5.20 4°

4.21 5.86 UNSTABLE

Table 4.1: Open Loop Gains and Phase Margins.

Open-loop gains and corresponding phase margins are shown in Table 4.1.
Circuit become unstable whenever open-loop gain reaches the value of 5.86
for fixed value of load impedance. In fact, this result is very similar to that
obtained from root-locus analysis. Comparing the gains 5.86 and 7.827, the
first one is more reliable since it is obtained from the original circuit.
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Chapter 5

Operational Amplifier

5.1 Introduction

An operational amplifier is one of the most versatile and widely used building
blocks in linear circuit applications. Basically, operational amplifiers are direct
coupled differential amplifiers with extermely high voltage gain, extremely high
input impedance and very low output impedance. They are usually used with

external feedback to achieve precision, gain and bandwidth control.

CMOS opamps contains NMOS and PMOS transistors all of which are
operated in their saturation region. A practical opamp has a finite gain of
order 60 — 120dB at low frequencies. There is always a DC offset voltage at
the output and it is in the order of £V at the input. The common mode signal
amplification may not be equal to zero. This property is described by the
parameter CMRR and it is a measure of opamp ability to suppress noise. The
‘'open-loop gain decreases with increasing frequency due to stray capacitances.
The frequency at which open-loop gain reaches 1 is called unity-gain frequency
and denoted by w,. Then, if the phase at w, is greater than —180°, the system
will be stable. Phase margin is defined as the phase at w, plus 180°. Phase
margin is a measure of opamp stability and must be set Jarger than 30°.
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5.2 Circuit Topology

Circuit in Figure 5.1 is the operational amplifier used in previous chapters.
The input transistors M; and M, have symmetrical structures. A3z and M,
are active loads and have also identical structures. They are also the governing
transistors of current mirrors composed of M3-Ms and M- Ms.

My , Mo and M5 operate as a current source and supply the current
that makes operational amplifier work. M7 and Mj are also current mirrors
and provide a symmetrical operation. Ms; and M4 creates a current mirror
structure and biases the output gain stage. Mje-M,7 and Mis-Mg pairs set
two different source followers. They function as an output stage and a DC
level shifter. These level shifters are used to obtain a zero offset at operational

amplifier output.
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5.3 Test of Operational Amplifier

In order use an op amp properly, it must satisfy certain specifications. The
values of open-loop gain, CMRR, output impedance, phase margin, available
DC range and offset voltage are important parameters and must be set appro-

priately.

5.3.1 Open-Loop Gain

To find the open-loop gain of operational amplificr which is given by

V.
A, = 2 .
v (5.1)

configuration in Figure 5.2 is used. Plot in Figure 5.3 shows open-loop gain

Vin,_ |-

© Vout

Figure 5.2: Determination of Open-Loop Gain

in dB vs. frequency. I'rom that plot it is measured that opamp open-loop 3
dB bandwidth is

BW = 3.64Hz (5.2)

Low bandwidth is due to a pole close to jw axis and that pole is generated by

very high impedance nodes in the circuit. Impedances mostly determined by

ga which is given by

=P ~ap. (5.3)
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The channel-length modulation parameter A is set to be 1y by founders and
therefore gq4 is at the level of picos. Inverse of g4 gives impedance which become
a considerably high value.

Advantage of low channel-length modulation factor is that very high gains
can be easily obtained. It is therefore open-loop gain is in the orders of 130dB
while 3-dB bandwidth is a few hertz. But the thing which is important is
GBW, gain-bandwidth product. It is given by

GBW = A,(0)BW (5.4)

and hence it is equal to almost 11.5MHz.
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Figure 5.3: Open-Loop Gain (dB) vs. Frequency (Hz)
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5.3.2 Phase Margin

(a) and (b) in Figure 5.4 shows open-loop gain and phase respectively. It is
measured that the phase at unity gain is around —150° and hence corresponds
to a phase margin of 30°.
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5.3.3 Offset Voltage

To find the offset voltage, configuration in Figure 5.5 has been used. The

o Offset
+ Voltage

Figure 5.5: Determination of Offset Voltage

offset voltage at output is found to be —457.81V. This corresponds to input
offset voltage of 144.7pV.

5.3.4 Output Impedance
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Acm (dB)

As mentioned, the output impedance of an op amp must be low for proper
operation. Plot in Figure 5.6 shows that the output impedance is around 58
at low frequencies.

5.3.5 CMRR

o
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CMRR of an op amp is defined to be

Adm
Acm

CMRR =

99



where Ay, and A, are diflerential and common mode gains respectively. (a)
in the Figure 5.7 shows the differential mode gain in dB. It is similar to first
plot of Figure 5.4. Common mode gain in (b) is obtained by connecting the
same input signal to both of inverting and non-inverting pins. Then CMRR in
(c) is equal to

CMRR(dB) = Agn(dB) — Aem(dB). (5.6)

5.4 Transistor Values

| Transistor || (W/L) |
M, 200 i /1 p
M, 200 o /1 p
YA N p /29 4
M; 21 p /29
Me 21 B /29 H
M 20 u /50 p
Mg 20 4 /50 p
My 20 pu /40 p
My, 20 p /40 p

Mu 100 Iy /28 H
M2 100 u /28 u
M3 50 4 /22 p
M14 184 H /10 U
Mi¢ 220 p /10 p
M 20 p /220 p
Mg 209 u /10 p
Mis 250 p /20 p

Table 5.1: Transistor sizes of Operational Amplifier.

Transistor sizes of operational amplifier in Figure 5.1 are listed below in
Table 5.1.
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Chapter 6

Photodetector Design

6.1 Introduction

A photodetector is a device that measures photon flux or optical power by
converting the energy of photons into another measurable form. The absorption
of a photon by an intrinsic photoconductor results in the generation of an
electron-hole pair. The application of an electric field to the material results
in the transport of both electrons and holes through the material and hence

an electric current in the circuit of detector is produced.

The semiconductor photodiode detector is a p-n junction structure. Pho-
tons absorbed in the depletion layer generate electrons and holes which are
subjected to an electric field. Two carriers drift in opposite directions and in-
duces an electric current in the external circuit. The photo-generated current
is always opposite to forward diode current. Since the electric field outside
the depletion region is very small, electrons and holes generated far away from
the depletion region wander randomly until they recombine. Electron and
hole pairs generated in the vicinity of depletion region may contribute to the
current by diffusion process. Qutside the depletion region, only the electrons
and holes generated within a diffusion-length distance might be effective on
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photo-current.

Another photodetector of interest is the Metal-Semiconductor-Metal pho-
todetectors (MSM-PD) which have shown a great promise over the past few
years in design of optoelectronic receivers. Their cruical feature is the compat-
ibility with the field-effect transistor process technology. Due to low parasitic
capacitances, an MSM-PD is advantagous for high speed and low noise opera-
tions. Even though the quantum efficiency is lower than that of a vertical p-i-n
diode because of shadowing of interdigitated fingers, MSM-PD’s still lead to
larger bandwidth product. The quantum efficiency can be increased in expense
of bandwidth. MSM-PD structures allow the designer to control detector char-
acteristics. It is as much easy as changing finger spacing or finger widths. An
observed property of MSM-PD’s is that their sensistivity increases with an in-
crease in applied bias before breakdown occurs. Note that increased sensitivity

is advantegous for better signal detection.

The performance of a photedetector is characterized by quantum efficiency,
responsivily and response time. The PDs designed will be tested in terms of

these parameters.

6.2 Photodetector Structure

One important parameter to be considered for a photo-detector is quantum
efficiency, . It is defined as the probability that a single photon incident on the
device generates a photocarrier pair that contributes to the detector current.
Not all incident photons can produce electron-hole pairs because some might
be reflected from the semiconductor surface. Also some electron-hole pairs
generated may recombine prior to their collection by electrodes. Finally, if the
light is not properly focused on active area, some photons will be lost. The
quantum efliciency, therefore strictly depends on device parameters, structure
and light. Also, the quantum efficiency, 7, is a function of wavelength because

the absorption coefficient depends on wavelength.
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Specifically, the quantum efficiency of a PD is given by:

n=(1-r)(l - exp(—ad)) (6.1)

where

r Fresnel Reflectivity
a Absorption Coefficient

d Thickness of the Absorption Layer.

Therefore, the efficiency of PDs can be inreased by using anti-reflective coating
by which more of the photons can be absorbed. Fresnel reflectivity r shows
this fact.

Another way of describing quantum efficiency is the following:

_ Iph/q
=B k9 (6.2)

where

I,» Photo-current

I,n/q Number of carriers collected to produce photo-current
Pi,.. Incident optical power

hY Photon energy

P,../h¥ Number of incident photons.

Hence n means the number of carriers generated by a single photon. An-
other important parameter that characterize a PD is responsivity. The re-
sponsivity is the relation between the incident optical power and the electrical
current generated. If every photon generates n electrons and photon flux per
second is given by ® then the electron flux becomes n®. Then

Iph = q77® (63)
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Also the incident power can be written as
Pine = h90. (6.4)
Combining equations 6.3 and 6.4

Pinc
Iph = Uqhﬂ = RPinc (65)

where
_q
R = n_hﬁ(A/W)' (6.6)

Therefore, responsivity is described to be the current produced by unit incident
optical power. In free space, this is equivalent to

Ao
R =n o (A/W). (6.7)

Ao is the wavelength of incident light in um. Referring to Equation 6.7, respon-
sivity increases with wavelength Ay because detectors give response to photon
flux rather than to the optical power. For higher values of Ao, optical power of
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Figure 6.1: Responsivity (A/W) versus Wavelength (um)

a single photon is lower. Hence, the same amount of optical power is carried by

more photons, which in turn produce more electron-hole pairs. But it must be
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noticed that the region over which R rises with \g is limited by the wavelength
dependence of quantum efficiency. At wavelengths above a certain value, R
falls drastically.

Responsivity versus wavelength Ao with quantum efficiency 5 as a param-
eter is drawn in Figure 6.1. It is evident that responsivity corresponding
to wavelength 1.24pm and 7 = 1 is unity. However, for sufficiently large
Ao, quantum efficiency gets smaller because absorption cannot occur when
Ao 2 Ay = heo/E,;. The wavelength A, is the long-wavelength limit of the
semiconductor. E; = 1.11eV is the bandgap energy of silicon and the value of
Ag = 1.15pm,
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Figure 6.2: Responsivity (A/W) versus Wavelength (gm). Effect of higher and
lower wavelengths.

For sufficiently small values of A\, quantum efficiency also decreases be-
cause most of the photons are absorbed near the surface. The absorption
coefficient « is inversely proportional to wavelength and gets very high val-
ues for low wavelengths. Due to very high densities of photo-generated carriers
near the surface, recombination lifetime becomes quite short and the photocar-
riers recombine before they are collected. Figure 6.2 describes this wavelength

dependence of responsivity.
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The photodetector structure used is shown in Figure 6.3. The PD shown is
called p+Zn photodiode. It is advantageous to use this PD in CMOS process

Metal
Si02

Figure 6.3: p+/n Photodetector

because it is isolated from common p-substrate by n-well by which no noise
contribution to the MOS transistors in the same chip is provided.

In p+/n photodiode, a depletion region is formed between p*' region and
n-well. Since the density of acceptor atoms are much larger than the density of
donor atoms, depletion region expands more into n-well. When the detector is
illuminated, photons are absorbed mainly in the depletion region. In addition,
one must take care of the generation of electron and hole pairs at a diffusion
length distance from the depletion region. The depth of the region is given
to be 0.3pm by the Orbit SCNA20 Mosis process, which is used to fabricate
the detector chip. Diffusion lengths are = 0.35pm and Lp = 21pm. Since
diffusion length of p-type region is much larger than the depth of region,
electron-hole generation in p*' region is fully taken into account. In n-well,
must also be added to the depletion region width.

Under same conditions, photodiode in Figure 6.! is expected to be
more efficient than photodiode since it can use more of the incident
power to generate electron-hole pairs. This is because, Lp = 21pm directly
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adds to depletion region width in the f|-substrate and enlarges the effective
area considerably. This additional expansion is only L,, = 0.35/un for f|+/p
photodiode.

Figure 6.4: nd /p Photodetector

Figure 6.5 shows bcisic MSM-PD structure. Referring to that figure, a
bias is applied between the contacts and an electric field is generated. Note
that the contacts between the silicon substrate and the metal electrodes are
Schottky contacts. When photons are absorbed by the semiconductor surface ,

Incident Light Beam

Electrodes

Silicon
Substrate

Figure 6.5: Structure of Ba-sic MSM-PD

mobile charge carriers are generated. The electrical conductivity of the material
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increases in proportion to photon flux. The available electric field between the
fingers transports electron and hole pairs and they are collected at clectrodes.

V+ V-

L Metal
Contact

nwell

Figure 6.6: Cross-section of MSM-PD

Actually, MSM-PD shown in Figure 6.6 is two Schottky barriers connected
back-to-back. When a potential difference is created between the metals, Schot-
tky diode at positive supply side is forward biased while the other is reverse
biased. Depletion regions are formed under both metals but that under reverse
biased side is larger. The widths of the depletion regions depends on the reverse
bias applied. When the detector is illuminated, electron-hole pairs generated
in the depletion region is collected by the electrodes. As reverse bias rises, the
width of depletion region enlarges and the amount of photo-current generated
incrcases. At a specific reverse voltage, depletion widths consume the whole
length L and punch-through occur. The value of that reverse voltage is given
by:
gN
265,‘

Further increases at reverse voltage will have no effect on the amount photo-

Ve = (I5)12. (6.9)

current since the depletion regions cover all the photo-sensitive arca. But the

increase at reverse bias voltage may change the speed of carrier collection.

I-V characteristic in Figure 6.7 shows how an MSM-PD gives response
to an incident optical power as applied reverse bias is changed. The amount
of reverse bias voltage to reach the punch-through depends mainly on the
displacement of metal contacts and the doping density of substrate.
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Figure 6.7: I-V characteristics of an MSM-PD under different light powers.

Specifically, the quantum efficiency of an MSM-PD is given by:

S
s+ w

n=(l-r) [(1 - exp(~ad)] (6.9)

where

r Fresnel Reflectivity

w Finger Width

s Finger Spacing

a Absorption Coefficient

d Thickness of the Absorption Layer.

By means of anti-reflective coating, the number of photons reflected can be
decreased. Fall in r will cause the quantum efficiency increase. Finger spacing
is one of the dominant parameters. Increase in finger spacing will generate
more photo-sensitive area and hence will increase . But now, it takes relatively
more time to collect photo-generated electron and hole pairs. In other words
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Figure 6.8: Finger Width dependece of Quantum Efficiency and Capacitance

bandwidth will decrease. One needs to optimize finger spacing using the trade-
off between bandwith and the 7. Similarly, decrease in finger width w also

increases 7 since more active area become available.

The capacitance between the finger widths affect the response time. For
a detector area of 300um x 300pum and finger spacing of s = 4um, quantum
efficiency and total capacitance against the finger width is plotted in Figure 6.8
[10]. The total capacitance is directly proportional to the number of fingers
and finger width. As finger width increases, total capcitance first increases
but afterwards it start to fall because of fall in number of fingers associated
with large finger width. Also, less and less photsensitive area remains with
increasing finger width and therefore quantum efficiency falls accordingly.
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6.3 Test of PD

In order to test the performance of photodetector, an experiment set-up as
shown in Figure 6.9 is prepared. The photodetector under test is fabricated
using the Orbit SCNA20 Mosis process. Laser beam generated by the source is
50?7ziy and directly incident onto neutral density filter which reduces the level
of power. Reduced power is then focused onto the chip including the PD under
test. The radius of the incident light beam is almost 800/im. The incident

Figure 6.9; Experiment Setup for Performance Measurement of PD

power is absorbed by depletion regions under the region and at side-walls
of it. Diffusion lengths must be added to depletion region widths. Taking the
detector surface to be a = 0O reference and the direction inside the detector to
be positive direction, fraction of photon power absorbed under p”* region and

at its side walls is given by:

exf(-o:x)dx

1§ exp(—ax)da: (6.10)
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where z,4 = 0.3pm is the depth of p* region. L, = 0.35um is the diffusion
length at n-side. z, is the depletion region width at n-side and given by:

poe Na_ 2o 11
" Na+Np' ¢

RV TS 12 _

N, ND)(th + V)] 30um (6.11)
Na =2 x10"%/cm® and Np = 5.5 x 10'®/em?® is set by foundry. e, = 11.7¢
where ¢o = 8.85 x 107! F/cm. V, = 3V is the applied reverse bias. Built-in
voltage Vj; is found from

NaN,
Vi = Vrln(—252) = 0.882V (6.12)

n;

where Vp = 26mV and n? = 2 x 10°°/cm®.  Absorption coefficient a =
100(1/cm) is used. It is actually wavelength dependent and given by

| Wavelength, A\ (pym) [ 04 | 05 J 06 [ 07 [08]09[1.0]
| Absorp. Coeff., o (1/cm) ]| 50,000 | 10,000 | 4,500 [ 2,000 | 950 [ 350 [ 110 |

Table 6.1: Absorption Coefficient of Silicon for Different Wavelengths.
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Figure 6.10: Layout dimensions of p*/n photodetector

One of the effective areas of photodetector is p* region which has an area
of 60 x 60. In addition to that, the area at sides which has a value of 80 x
12480 x 10 x 2+ 70 x 8 = 3120. Amount of power focused onto the chip after
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density filter is varied and quantum efficiency is calculated. The diameter of
the power beam is measured to be 80um and it is directly focused onto the
phodetector. The wavelength of the incident light beam is 633nm. The output
voltage of transimpedance amplifier in Figure 6.9 is measured with feedback
gain resistance of Ry = 4.7kQ. Responsivity is calculated using

R _ IPh Va/Rf

B Rnc an
The results of responsivity and quantum efficiency calculations are presented
below in Table 6.2. To find the impulse response of the photodetector chip,

: (6.13)

| Pinc(4W) | Output Voltage (mV) [ Lu(uA)] R [ n ]
331 380 80.85 | 0.2443 | 0.4782
215 250 53.19 [0.2474 | 0.4844
120 140 29.78 | 0.2482 | 0.4861

Table 6.2: Responsivity and Quantum Efficiency calculations for Ry = 4.7k
and Ag = 633nm

a laser impulse train of 20Hz is made incident on the chip. The response of
PD to a single impulse is shown in Figures 6.11 and Figure 6.12 for incident
power of 465nW and 397nW respectively. Transimpedance amplifier gain is

chosen to be 107.

16 T T T T T T LI T
1.4

1.2

Detector Output In Yolts
o
o

1
S 8
T|l'l“le in Micro Seconds

Figure 6.11: Impulse Response for Incident Power of 465nW and Ry = 10MQ}
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172

(n+/p) Photo-detector

AhkdkAIkXkRkhkIkxnrkhhkrhkhhkkhkhhkhkhhkkdkx*x

Pinc Output (mV) Ip(e-6) Resp. Quan. Eff.
* k ok ok kX khkkkhkkkrkdkk*k khkkhkkkhkkhkkx kkkkkkk*k khkkkkkhhhdhkk
100 45 6.60 0.066 0.1296

369 135 19.85 0.054 0.1066

496 208 30.58 0.062 0.1210

695 301 44 .26 0.064 0.1247
(p+/n) Photo-detector

Ahkdkhkhkhkhkkhhhkhkrhkhkhhkdhrhrrdtrdrhkhdhkx

Pinc Output (mV) Ip(e-6) Resp. Quan. Eff.

* X Kk %k ok Kk *hk ok kk ok kokkkKkKk kkhkkkhkkkkhk * ok okokok ok ok K khkhkkhkkhkhkkhkwKhx
98 167 24 .55 0.2506 0.4909

279 465 68.38 0.2451 0.4801

525 904 132.96 0.2526 0.4948

620 1128 165.21 0.2669 0.5228



i
4 S [-
Time In Micro Seconds

Figure 6.12: Impulse Response for Incident Power of 397nW and R, = 10M§Q)

From those figures it is observed that pulse width is around 3us and hence
this detector can be used upto 300kHz.

We couldn’t test MSM photo-detectors. Metal fingers in a MSM-PD must
be placed below the Si0, layer but in our chip containing MSM-PDs metal
fingers are placed above the Si0, layer mistakenly. Only test results of pt*/n
PD has been presented.
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Chapter 7

CONCLUSION

In this thesis, an integrated circuit of low-level high-voltage current source has
been presented. The current source is designed to drive the cantilever tips of
Atomic Force Microscope. In fact, cantilever tips commonly encounter a load
impedance of 4 — 8G? and must be driven by a current source of 10nA. That
is to say, the current source must supply the currrent of fixed 10nA no matter

what the load voltage is in the range 40 — 80V.

The output current stability against the load voltage changes is achieved
by placing Cascode Current Source as a last stage of cascaded current mir-
rors. Current mirror stages are used for current division. They also give the

opportunity of adjusting output current linearly.

During the scan of cantilever tips over the crystalline surfaces there exist
an inherent capacitance of a few pF between the cantilever tip and the surface.
Rapid changes in load impedance creates a non-zero derivative of load voltage
which in turn creates capacitive currents of many nano ampers. This capac-
itive current directly adds onto the current of the resistive branch. Since the
requirement is to fix the current through the resistive load at 10nA, current
source must contain an internal adjustable current compensation mechanism

to eliminate the effect of load capacitance.
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Current compensation is achieved by using circuit clements like buflers,
differentiators, operational amplifiers and voltage controlled current sources.
The copy of capacitive current is generated by using those building blocks and

it is used to eliminate the effect of capacitive current on resistive load.

In compensation circuitry, the feedback gain must be adjusted by the user
depending upon the value of expected load capacitance. The gain of voltage
controlled current source, buffer and cascaded current mirror stages are fixed
internally but the gain of differentiator and non-inverting amplifier stage must
be set by user. The only requirement is that the closed loop gain must equal
to 1. Gain of one means that the capacitive current is copied exactly. For
higher gains, stability analysis is done using both linear model and original of

the circuit.

Noting that the overall gain larger than unity may cause instability, one
must first set the gain less than unity and increase it gradually by changing
the gain of non-inverting amplifier or differentiator. But the feedback resis-
tance and the capacitance of differentiator block is not advised to be changed
drastically from their original values because they affect the opeartion of opera-
tional amplifier. Gain can be adjusted more safely by changing the parameters
of non-inverting amplifier. The result is then the closer is the loop gain to

unity, the better compensation is achieved.

By this thesis, it is shown that load capacitive current compensated current
source of 10nA can be implemented using high voltage Alcatel Mietec 2T
CMOS technology. Compensation can be designed to be adjustable.

A p*/n PD has been designed and tested. Quantum efliciency, responsivity
and speed of detector have been found. It is concluded that this PD is sufficient

for our needs.

As a future work, this current source might be designed to be electronically
adjustable by replacing resistors of non-inverting amplifier with voltage con-
trolled mosfet resistors. Hence, instead of changing the resistors manually it
would be enough just to change the value of voltage controlling resistors.
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APPENDIX A

Layouts of Current Mirror

Building Blocks

////////////////////////////////////////////

///////////////////////////é
//////////////////////////////////////////////

///////////////////////////////////////////
I

Figure A.1: Layout of 18k} Resistor
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Figure A.7: Layout of Compensated Overall Current Source

85



20

26
27
28

N

24 2522 21 20 19
- MU u D
r L
3 =
i — |
- e
| — |
| 1
- —F =
L

Cavity Size 7800 x 7800 um

Figure A.8: Layout of Compensated Overall Current Source With Bonding
Pads
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APPENDIX B

Photodetector

Figure B.I: Layout of a Single p+/n PD
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Figure B.2: Layout of a Single MSM-PD
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Figure B.4: Layout of 1n and n~jp photodetector arrays
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APPENDIX C

Process Parameters

Followings are the SPICE models for the NMOS and PMOS transistors of
Alcatel Mietec I2T CMOS Technology.

NMOS Transistor
.MODEL cmosn nmos LEVEL=12
+ TOX=4.25E-8 VT0=0.9600 NSUB=3.100E16 UO=6E2
+ UCRIT=1.08E5 UEXP=0.124 RSH=5.2E2 LAMBDA=1E-6
+ LD=3.6E-7T DELTA=4.1 CGSO=1.6270E-10 CGDO=1E-14
+ CJ=5E-4 MJ=3.5E-1 PB=0.73 CJSW=2.8E-10
+ MJSW=2.1E-1 JS=1E-3 XL=0U XW=0U NLEV=0

PMOS Transistor
.MODEL cmosp pmos LEVEL=12
+ TOX=4.25E-8 VT0=-9.3848E-1 NSUB=1E16 UO=1.97E2
+ UCRIT=3.108907E5 UEXP=0.2392812 RSH=1.059E3 LAMBDA=1E-6
+ LD=7E-7 WD=-8.36046E-7 CGSO=0.423E-10 CGDO=1E-14
+ TCV=-2.7E-3 DELTA=0 CJ=6E-4 MJ=5.1E-1
+ PB=0.9 CJSW=3.6E-10 MJSW=3.5E-1 JS=1E-3
+ XL=0U XW=0U NLEV=0 TLEV=1
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APPENDIX D

Chip Topology

D.1 Chip Overview
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Figure D.1: Current Source Chip, General Overview
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D.2 Pin Configurations

| Pin Number | Node ||

Function

1 VSS Negative Supply

2 VB3 oV

3 VU Voltage Divider Upper Node
4 Corner Dummy

5 VD Voltage Divider Lower Node
6 X1 Vo

7 X2 Vi

8 SON Single Opamp Vin-

9 SOP Single Opamp Vin+

10 SO0 Single Opamp Vout

11 Corner Dummy

12 BO Buffer Output

13 ouT Current Source Output

14 RI 18k Test Resistor Pinl

15 RO 18k Test Resistor Pin2

16 A Feedback Point

17 VBIAS || Voltage bias of compensated current source
18 Corner Dummy

19 SOUT Single Current Source Qutput
20 VB Voltage bias of Single Current Source
21 VDD Positive Supply

22 DO Differentiator Output

23 DN Differentiator Vin-

24 VG ON-OFF Control

25 Corner Dummy

26 AO Non-Inverting Amplifier Output
27 AN Non-Inverting Amplifier Vin-
28 VDD Positive Supply
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D.3 Pin Connection

The current source chip contains the following blocks:

e A 10nA capacitive current compensated current source containing three

opamps, one current source and one voltage divider bias chain
e A single current source without current compansation
e A single voltage divider bias chain

¢ A single test resistance

For proper test of the chip, supply voltages are chosen to be Vpp = +5V
and Vsg = —95V.

VU and VD are to test the performance of bias circuit, therefore VU=+45V
and VD=-95V can be used. This bias chain also generate the bias voltages of
single opamp. X1 and X2 are the two bias voltages available as output.

SON is single opamp inverting input and SOP is single opamp non-inverting
input.SOO is the output pin of this single opamp. It may be used for testing
purposes. BO is buffer output and differentiator capacitance of 100pF must
be connected between BO and DN. Differentiator resistance of 100k must be

connected between DN and DO.

Non-inverting amplifier gain is set by connecting a 100k resistance between
AN and GND, 130k resistance between AN and AO. Load resistance and ca-

pacitance must be connected to output pin of OUT.

SOUT is the output pin of single current source. It is current is adjusted
by means of VB. To get 10nA current at load it must be set to —4V. VB is

not allowed to fall below —6V.
RI and RO are two pins of a test resistance.

VG is for ON/OFF control. VG=5V and VG=0V makes compensated cur-
rent source ON and OFT respectively. VBIAS is the bias voltage of capacitive

current compensated current source.
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