Midterm Exam, Fall 2004, Solutions
ECSE-6960, Physical Foundations of Solid-State Devices

Note: (i) Putyour name on paper, show your work, underline results, and always show units.
(@) Textbook, manuscript, excerpts, and calculators are allowed.

1. Consider an Al,Ga; As/GaAs/Al,Ga; ;As quantum well (QW) structure. The thickness of
the GaAs well layer is denoted as Lqw. Describe the changes in optical emission energy for
an intra-well transition from the 2nd excited state to the ground state if
(a) m* decreases
(b) m* increases
(c) Give asymptotic value of question (b) for m* — oo
(d) x decreases
(e) Give asymptotic value of question (d) forx — 0
(f) x increases

Solution:

(a) If m* decreases, the optical emission energy for an intra-well transition from the 2™
excited state to the ground state increases.

(b) If m* increases, the optical emission energy for an intra-well transition from the 2™
excited state to the ground state decreases

(c) For m* — oo, there is no split between the energy levels. The emission energy will be 0.

(d) If x decreases, the barrier height U decreases. As a result, the emission energy due to
intra-well transition from the 2™ state to the ground state will decrease.

(e) If x = 0, U — 0, there is no barrier and well. So, there is no split between the energy
levels. The emission energy will be 0.

(f) If x increases, the barrier energy U will increase. The emission energy due to the intra-
well transition from the 2™ excited state to the ground state will increase.

2. Consider a symmetric QW semiconductor structure. The bandgap energy of the
semiconductor forming the well is 1.42 eV. Assume that the barriers are infinitely high
(Ubarrier = % €V). Assume further that electrons in the conduction-band well and holes in the
valence-band well have effective masses of m.* = 0.067 m. and my* = 0.45 m., where m. is
the free electron mass.

(a) Calculate the optical transition energy of the structure for a QW thickness of
LQW =100 A =10 nm.

(b) Assume that the barrier height is now reduced to a finite barrier height. Is the optical
transition energy going up or down as compared to (a)? Explain your answer.



(c) Does the infinite well approximation work better for
e aheavy or light carrier mass?
e athick or thin QW?

Solution:
(a) The model for this QW semiconductor structure is shown in the following figure

—|L=10 nm |[<*+—
Conduction band well

142 eV

Valence band well

In both of the conduction band and valence band, the quantum wells are square wells
with infinitely high barriers. The eigenstate energies in the infinite square well are,
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The ground state’s energy level is, (n = 0)
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In the conduction band well, the ground state energy level is given by (the energy level is
given with respect to the bottom of the conduction band well)
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In the valence band well, the ground state energy level is given by (the energy level is
given with respect to the bottom of the valence band well)
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The optical transition energy of this structure is,
E=hv=142¢eV +0.056 eV + 0.0084 eV = 1.4844 eV

(b) If the barrier height is reduced to a finite barrier height, the ground-state energy of the
electron and hole decreases. Therefore the optical transition energy decreases.

(c) The ground-state energy level of a quantum well with infinitely high barriers is given by



)
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Inspection of the equation yields that a heavier carrier mass yields a smaller energy
value. Hence, once the infinitely high barrier reduced to a finite height, the energy level
decreases by a smaller amount for a carrier with heavy mass compared with a carrier with
a lighter mass. Therefore, the infinite barrier quantum well approximation works better
for the heavier carrier mass.
For a similar reason, a thick QW yields a smaller quantum energy values. Therefore,

the infinite barrier quantum well approximation works better for the thick QW compared
with the case of thin QW.

3. Assume that an electron is propagating in a periodic potential under the influence of a
constant electric field of 100 V/cm. Assume that the dispersion relation of the electron is
given by E = Ey— AEy cos (ka) where AEy = 20 meV and a = 20 A. Consider an electron
having an initial k£ value of 0.

(a) What is the acceleration of the electron at t = 0?

(b) Give an estimate as to how long a time (after £ = 0) the acceleration of the electron is a
constant.

(c) At which point(s) of the E(k) relation does the group velocity change linearly with time?

Solution:
(a) Similar to the exercise given in the manuscript, the group velocity v, is given by
1dE a a
Vo = —— = — AEy sin(ka) = — AEysin(Cat).
gr n dkc h o sin(ka) h 0 sin( )
The acceleration can be expressed as

dv Ca?
er a
Qacceleration = & AEy cos(Cat).

We know that C is a function of external electric field:

c=-°%
h
Thus, the acceleration at = 0 is given by:
2 2
Qacceleration — % % AE cos (% a Oj = ahif AE
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(1.05x1073*Js)? s2



: ’ : : > k
kmin = —a 0 Lijog ™2a  kpax=na

(b) As shown in the figure, we assume that the band is parabolic for a maximum k value of
7/10a. This 1s 10% of the first Brillion zone. From the acceleration theorem,

% = —l eE and therefore Ak = —l eEAt
dt J7i J7i
-34
Thus Af = " Ak = 1.0?;10 s T s— = 3.3x107'%s
ek 1.6x1077C10000V/m 10x2x10""m

(c) The question implies the acceleration is a constant. This occurs when E(k) is parabolic,
i.e. when the effective mass of the electron is a constant. This is the case for £k = —m/a, 0,
n/a, as shown in the figure.

. Assume that a finite quantum well problem is to be solved by the variational method.

(a) Suggest a suitable trial wave function for the first excited state of the potential well
(including formula).

(b) Sketch your trial function for different trial parameters.

(c) Explain all parameters of your trial wave function.

Solution:
(a) Here we suggest the two following trial functions:

y(x) = A4sin(ox)
y(x) = Aox exp[— (ocx)z]

where A4 is the normalization parameter, and o is the trial parameter.
(b) The figure shown as below is with different trial parameters o.

NN N
¥(x) = A sin(ox) N W(x) = A ox expl~(0x)?]




(c) The parameters have the following meaning: The variable 4 is the normalization
parameter of the trial wave function and the variable a is the trial parameter.

(a) What is the dimension (the units) of the 2D density of states?

(b) What is the density-of-states in the lowest subband of an n-type GaAs quantum well?

(c) What is the total number of states in a 1 cm? large sample within the first 100 meV of the
lowest subband (£y)?

Solution:
(a) 2D density-of-states is given by

m
g(E)=—">
Th
2
Therefore the units of 2D density-of-states are: =m2J7!
kg m*

Very frequently used units are cm > eV |

(b) In an n-type GaAs quantum well, the effective electron mass is m = 0.067 m.. The
density-of-states of the lowest subband is a 2D state density. Therefore, the state density
per area is,

* 2
0.067

g(B)=""0 =21 = 1.747%10%
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mh kg-m
—=2.799x103cm ™2 ev !

=1.747x10°°m=2 .57
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(c) The total number of states in a 1 cm” large sample within the first 100 meV of the lowest
subband (E)) is,

100 meV 100 meV m* 0.067m 100 meV
nop = Area J.g(E)dE=lcrn2 j —2dE=1cm2'—2e I dE
0 0 h mh 0
100 meV
—1em? 1.747x1030m =2 7! j dE =1cm? 1.747x10°°m™2 771 100 meV
0

—10*m21.747x10°°m 2 1711001073 1.6x1071° CV = 2.799 x10'2

Thus, there are 2.799x10'* carriers within the area of 1 cm?® within the first 100 meV of
the subband.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


