YOUR NAME

Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology

6.012 Electronic Devices and Circuits

Exam No. 2

Notes:

1. Unless otherwise indicated, assume room temperature and that kT/q is 0.025 V. You
may also approximate [(kT/q) In 10] as 0.06 V.

2. Open book; 6.012 text and any other notes permitted.

3. All of your answers and any relevant work must appear on these pages. Any
additional paper you hand in will not be graded.

4. Make reasonable approximations and assumptions. State and justify any such
assumptions and approximations you do make.

5. Be careful to include the correct units with your answers when appropriate.

6. Be certain that you have all eight (8) pages of this exam booklet and make certain that
you write your name at the top of this page in the space provided.

6.012 Staff Use Only PROBLEM 1 (of 28 possible)
PROBLEM 2 (of 36 possible)
PROBLEM 3 (of 36 possible)

TOTAL
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Problem 1 (28points; 4 points each for Parts a, b, c, e, f; 8 points for d)

The first several parts of this problem concern the photodiode illustrated to the left

below. It is illuminated with light which generates M hole-electron pairs/cm?2-s across the
plane at x = 1 pum, as indicated in the figure. There contacts are ohmic, and the n-type

region between x =0 and 2 um is doped to a level of 1016 cm-3. The p-region between x = -
1um and 0 is doped to a level of 1016 cm3. Throughout the device the minority carrier
diffusion length is much greater than 2 pm, pe is 1600 cm2/V-s, and py, is 600 cm2/V-s; the
cross-sectional area is A. The terminals are shorted, as shown.

; M p'(x)
' ! p'(Tum) T---1
Tlpi n F— !
i i i — x (um) | . i i >X ()
1 0 1 2 10 1 2

a) Plot the excess minority carrier profile in the diode on the axes provided above on
the right.

b) What is the current, I, measured in the external short circuit?

c) In Exam #1 we looked at adding a 0.2 um thick n+ region (Np = 1018 ¢cm-3) before

the ohmic contact on one end of an n-type bar, as shown below to the left. Doing this
greatly reduces the minority carrier flux to the right-hand ohmic contact.

. | IM n+
Ohmic IIV| Ohmic | *
D < [N
! n+ ! !
—t—t— ——+—+H— x (um)
o 1 222 (m) 1 0 1 222

What impact will adding a similiar n+ layer to our photodiode have on the
magnitude of the short circuit current, I1? The "new" diode is shown above to the right.
Explain your answer.

[ Increase (1 Decrease (1 Essentially no impact (i.e., no change),
because

Problem 1 continues on the next page
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Problem 1 continued

The last parts of this problem concern the MOS capacitor illustrated below. For this
structure the oxide thickness, tox, is 10 nm (= 10-6 cm), the oxide dielectric constant, eoy, is
3.5 x 1013 coul/V-cm, and the gate area, A, is 10-4 cm?; the flatband voltage, Vg, is - 0.3 V,
and the threshold voltage, VT,is + 0.5 V.

G
A 1 W"?W?m

SETINZAN p-Si

+3V = 10"2A
|

d) There are two ranges of values for vgg over which the charge on the gate metal, g,
varies approximately linearly with vgg, i.e., for which dgqg/dvgg constant. Find these

two ranges and for each evaluate the constant and give the condition of the oxide-
semiconductor interface (i.e., in accumulation, depletion, and/or inversion).

B

Range #1. Range #2:
<VGB < - <VeB*<
Constant = Constant =
Interface condition: Interface condition:

e) The switch is closed and the system comes to equilibrium. What is the condition of
the oxide-semiconductor interface? If the interface is in either inversion or accumulation,
calculate the electron or hole charge, respectively, at the interface in the corresponding
inversion or accumulation layer.

Interface condition:

Total charge:

f) After being closed for a long time, the switch is openned at t = 0, and the charge on
the MOS capacitor discharges through the diode. Indicate whether this diode is best
modeled as a current source (i.e., passing a constant current) or a resistor, and estimate the
time it will take for the diode voltage to reach 0.5 V. Ignore any charge stored in the
diode.

[ Resistor [ Current source because

Time to reach 0.5 V:
End of Problem 1



Page 4 of 8

Problem 2 (36 points; 3 points for each answer)

An important “diode” connection of a bipolar junction transistor is that in which
the base and collector terminals are shorted together as shown on the left below.

+ *i D
+ Vi D
VAB VAB SZ

a) Use the Ebers-Moll model to show that the terminal current, ip, and voltage, vag,
are related as ip = Is[exp (qvag/KT) - 1], and find an expression for Ig in terms of Ics, IEs,
of, and ag, and evaluate it. Assume that the Ebers-Moll parameters for the BJT are lgg =2
X 1013 A Ics =4 x 1013 A, o = 0.995, ar = 0.5.

(expression) (value)

b) Now consider putting this “diode” in the circuit shown on the left of the figure on
the top of the next page. Calculate VRgr, the voltage on the transistor base terminal, when

the current IR through the resistor Rg is 0.2 mA. Then determine the value for the resistor
Rr which results in Ig being 0.2 mA. [If you could not find Ig in Part (a), use the value 10-

14 A, and check here . Do not assume Vgeon 0.6 V, unless you are unable to calculate a
more accurate value for it; if this is the case, check here 1.]

VREF =

Rr =

Problem 2 continues on the next page
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Problem 2 continued

+ VDD = 3V
+VbpD = 3V |

IR *% RRrR IR *% RRr R2 g* 2
(= 0.2 mA) (= 0.2 mA)

VREF VREF
= =
Figure for Part b. Figure for Part c.
C) Next connect another transmitter, Q2, which is identical to the original transistor,

and a resistor, Ry, to the circuit as shown in the right side of the figure above. Ignore the
impact connecting Q2 has on the value of VRgr (i.e., assume that the values of Vrgr and IR
are unchanged inspite of the fact that there is now a small current flowing into the base of

Q2).

i)What is I» (assuming Q> is in its forward active region)?

I

ii) Over what range of values can Ry be varied without changing the value of
[,? Assume an npn BJT is in saturarion if vcg is less than 0.2 V. (If you could not
answer Part ¢)i), give your answer in terms of I5.)

<R2<

iii)  Suppose that Q> is identical to Q; all ways except that it has twice the cross-
sectional area. What is 1> now? (Assume Q> is in its forward active region.

I =

Problem 2 continues on the next page
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Problem 2 continued

d) Imagine building this same circuit with n-channel, enhancement mode MOSFETSs
with K=0.1 mA/V2, V1=0.5V, and o = 1. Ig should still be 0.2 mA.

|+VDD = 3V
IR * RR R2 §*'2
(= 0.2 mA)
< E||—+—|E &
VREF
- -

)] What is 12 now? Assume that Qo is in saturation.

i) What are Vrgr and RR?

VREF =

Rr =

iii)  What is I, if the K-value of Q is 0.3 mA/V2 (K for Q is still 0.1 mA/V?2).
Continue to assume Q> is in saturation.

End of Problem 2
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Problem 3 (36 points; 12 points each for Parts a, b, and c)

This problem concerns the inverter stage illustrated on the left below. The pull-up
device in this stage is a 400 Ohm resistor, and the pull-down device is a junction field
effect transistor, an FET which looks like a MOSFET with a p-n diode between its gate and
source. This equivalence is shown in the middle figure below. The diode can be modeled
as a break-point diode with the characteristic shown below on the right; Von = 0.6 V. The

MOSFET has a threshold voltage, V1, of 0.4 V.
Vob=1V
D iD A

Rpu =

400 Q D + G_I_|E
LN Y .

VOUT VON VAB

S
VIN (=0.6V)
— S

Analyze this inverter in a string of identical stages as illustrated below.

IVDD=1V

Rpu =
400 @ v Py

* I PD +
—_> >
+ VOUT

VIN i
— I
a) When the input voltage, yn, is less than VT, what are the following quantities?
)] The pull-down current, ipp.

iPD =

i) The output voltage, vouT.

VOouT =

Problem 3 continues on the next page
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Problem 3 continued

iii)  The pull-up current, ipy.

Py =

iv) The source load current, ig| .

IsL =

b) When the input voltage, viN, is 0.6 V, which is above threshold, we want to design
the inverter to have voyt equal to 0.2 V.

) What is the stage load current, igi, in this case?

isL =
i) What is the pull-down current, ipp, in this case?
iPD =
iii) What must the K-value of the pull-down MOSFET be?
K=
C) Next consider the static power dissipation per inverter stage in this design.
)] What is the static power dissipation when vin < VT, VouT = 0.6 V?

P(VIN < VT,vouT=06V) =

i) What is the static power dissipation when vy = 0.6 V, voyT = 0.1 V?

Pivin=0.6V,voyuTr=0.1V)=

iii) If each inverter is on average in each of the above states half of the time,
what is the average power dissipation in an inverter stage?

PAVE =

End of Problem 3; End of Exam




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


